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Abstract 
Ceramides are known to be involved in cell signalling and are proposed to 
assist in the formation of laterally segregated membrane domains, known as 
ceramide rich domains in cell lipid bilayers. The lipid matrix of the stratum 
corneum, the uppermost layer of the skin, which is responsible for its water 
barrier properties, is mainly composed of ceramides, associated with 
cholesterol, long chain fatty acids and cholesteryl esters. Despite the 
importance of ceramides, studies of this lipid class have been relatively 
neglected, as compared to phosphatidylcolines. In this study both the 
thermotropism and structure of mixtures of N-palmitoyl-D-erythro-sphingosine 
(C16-Cer) with cholesterol in excess water, were studied by differential 
scanning calorimetry (DSC) and simultaneous small and wide angle X-ray 
scattering (SAXS-WAXS). The binary phase diagram of C16-Cer with 
cholesterol was obtained. One peculiarity observed was the existence of two 
crystalline compounds of ceramide and cholesterol, one with a lamellar repeat 
distance of 4.24 nm with a C16-Cer:Cholesterol molar ratio of 1:3, and a 
second with a lamellar repeat distance of 3.5 nm, with a C16-Cer:Cholesterol 
molar ratio of 2:3. In subsequent work, the thermotropism and prototropism of 
ternary C16-Cer, cholesterol and palmitic acid mixtures in excess water were 
studied, but not to the detail of a phase diagram. Palmitic acid was added in 
varying molar fractions to a C16-Cer: Cholesterol mixture in the relative molar 
proportion of 54:46, identical to the stratum corneum lipid matrix, and the 
mixtures were studied at full ionization, pH = 9.0 and full protonation, pH = 4.0. 
In this study we obtained a general overview of the main phases present, and 
the phase transformations of the system. Of particular interest, the 
experimental data also indicated the existence of a third compound, with the 
attributed stoichiometry of C16-Cer5Cholesterol4PalmiticAcid2. These 
compounds of C16-Cer, as far as we know, constitute the first direct 
experimental evidence to date for the existence of laterally organized 
crystalline structures with amphiphilic lipids able to form bilayers and 
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cholesterol. This data suggests the existence of the so-called “cholesterol 
condensed complexes”. The reason for the detection of several lipid-ceramide 
crystalline aggregates, not observed with other lipids, could be the 
consequence of the adoption of the LC state by C16-Cer, in the temperature 
range of liquid water stability. The solubility of cholesteryl oleate, used as a 
model cholesterol ester was tested in a mixture of C16-Cer, cholesterol and 
palmitic acid in excess water, in the same molar proportions of the stratum 
corneum lipid matrix, at the two extreme pH values of 9.0 and 4.0. A 
combination of several techniques such as DSC, SAXS-WAXS, and magic 
angle spinning 13C nuclear magnetic resonance, showed that the solubility of 
cholesteryl oleate in this mixture was negligible at both pH values.  
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Resumo 
As ceramidas são conhecidas por estarem implicadas na sinalização celular, e 
propostas como sendo funcionais na formação de domínios membranares 
lateralmente segregados. A matriz lipídica do stratum corneum, a camada 
superficial da pele que é responsável pelas suas propriedades de barreira, é 
composta maioritariamente por ceramidas, em associação com colesterol, 
ácidos gordos de cadeia longa e ésteres de colesterol. Apesar da importância 
das ceramidas, os estudos desta classe lipídica têm sido relativamente 
negligenciados em comparação com as fosfatidilcolinas. Neste estudo, o 
termotropismo e a estrutura de misturas de N-palmitoil-D-eritro-esfingosina 
(C16-Cer) com colesterol em excesso de água, foram estudados por 
calorimetria diferencial de varrimento (CDV) e difracção de raios X 
simultaneamente a pequeno e grande ângulo (DXPA-DXGA). Desta forma 
obtivemos o diagrama de fases binário da C16-Cer com colesterol. Uma 
peculiaridade observada no sistema, é a existência de dois compostos 
cristalinos de ceramida e colesterol, um com distância de repetição lamelar de 
4.24 nm e com uma razão molar em C16-Cer:Colesterol de 1:3, e um segundo 
com uma distância de repetição lamelar de 3.5 nm, e uma razão molar em 
C16-Cer:Colesterol de 2:3. Num trabalho subsequente, foi estudado o 
termotropismo e o prototropismo de misturas ternárias constituídas por C16-
Cer, colesterol e ácido palmítico em excesso de água, mas não com o detalhe 
necessário para a obtenção de um diagrama de fases. A uma mistura de C16-
Cer:Colesterol na proporção molar de 54:46, idêntica à da matriz lipídica do 
stratum corneum, foi adicionado ácido palmítico em proporções molares 
variáveis, e as misturas foram estudadas em condições de ionização total, pH 
= 9.0, bem como em condições de protonação total, pH = 4.0. Neste estudo, 
obtivemos uma visão geral quer das principais fases presentes, quer das 
transformações de fase do sistema. Entre outras particularidades, os dados 
experimentais também indicaram a existência de um terceiro composto, para 
o qual foi obtida a estequiometria de C16-Cer5Cholesterol4ÁcidoPalmítico2. 
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Estes compostos de C16-Cer constituem, tanto quanto sabemos, a primeira 
evidência experimental directa da existência de estruturas lateralmente 
organizadas de natureza cristalina compostas por lípidos anfifílicos 
formadores de bicamadas e colesterol. Este dado sugere a existência dos 
chamados “cholesterol condensed complexes”. A razão para a detecção de 
variados agregados cristalinos lípido-ceramida, não observada com outros 
lípidos, pode ser uma consequência de a C16-Cer o permitir por se encontrar 
no estado Lc na gama de temperaturas de estabilidade da água líquida. A 
solubilidade do oleato de colesterol, usado como éster de colesterol modelo 
foi testada numa mistura de C16-Cer, colesterol, ácido palmítico em excesso 
de água, nas mesmas proporções molares da matriz lipídica do stratum 
corneum, aos dois valores de pH extremos de 9.0 e 4.0. A combinação das 
várias técnicas tais como CDV, DXPA-DXGA, e ressonância magnética 
nuclear de 13C com rotação da amostra em torno do ângulo mágico, 
mostraram que a solubilidade do oleato de colesterol nesta mistura era 
negligenciável a ambos os valores de pH. 
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a.u. 
C16-Cer 
 
arbitrary units 
N-palmitoyl-D-erythro-sphingosine 
CE 
CEs                                                                         
cholesteryl ester 
cholesteryl esters
CER                                                                       Ceramide
Ch Cholesterol 
ChaI 
ChaII 
Chm 
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anhydrous cholesterol, polymorph I 
anhydrous cholesterol, polymorph II 
cholesterol monohydrate 
cholesteryl oleate 
13C MAS NMR 
 
d 
2D 
3D 
DESY 
13C magic angle spinning nuclear magnetic 
resonance  
distance between diffracting planes 
two-dimensional 
three-dimensional 
Deutsches elektronen synchrotron 
DPPC 
DSC                                                    
dipalmitoylphosphatidylcholine 
differential scanning calorimetry 
egg-Cer natural ceramide of egg origin 
FA                                                                                            fatty acid
FTIR                                         fourier transform infrared spectroscopy 
GIXD grazing incidence X-ray diffraction 
HII inverted hexagonal phase 
HPLC 
Lα 
High performance liquid chromatography 
lamellar liquid crystalline phase 
Lα1                                                                   lamellar liquid phase characterized by s = 0.247 nm
-1 
Lα2 lamellar liquid phase characterized by s = 0.235 nm
-1 
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Lβ 
Lβ´ 
lamellar gel phase 
lamellar gel tilted phase 
LC 
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LPP 
MAS 
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N-SPHING CER                                                   
lamellar crystalline phase 
pure or almost pure C16 ceramide 
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with relative molar proportion 2:3 
compound phase of C16 ceramide, cholesterol and 
palmitic acid with the relative molar proportion 5:4:2 
compound phase of C16 ceramide and cholesterol 
with relative molar proportion 1:3 
long periodicity phase 
magic angle spinning 
nuclear magnetic resonance 
N-sphingosyl ceramide
PA palmitic acid 
s 
SAXS 
reciprocal distance (s = 1/d) 
small angle X-ray scattering 
SC                                                                              stratum corneum
TLC thin layer chromatography 
Tm temperature of the main phase transition 
WAXS wide angle X-ray scattering 
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1.1. Lipids: ceramides, cholesterol, fatty acids and cholesteryl 
esters 
 
Lipids, together with proteins, nucleic acids, and carbohydrates, are the basic 
building blocks (molecules) of all living organisms. 
Lipid molecules are responsible for numerous biological functions. They are 
the main constituents of biological barriers forming the cell and the intracellular 
membranes, are used for storage of cellular energy, and in some living 
organisms lipids can be found playing roles as biological detergents and as 
signaling molecules like hormones (for example steroid hormones), 
prostaglandins, leukotrienes and pheromones. 
This thesis will be mainly concerned with one class of lipids, the ceramides 
(CER), and its mixtures with other lipids. Ceramides have been quite 
neglected, as compared with other more common amphiphilic lipids, and the 
work here presented is a contribution for a better understanding of their 
physical-chemical properties and of the structures adopted by the aggregates 
formed by ceramides when alone or in mixtures with cholesterol, fatty acids 
and cholesteryl esters, lipids to which they are often associated in biological 
systems.  
The permeability barriers of virtually all living organisms are obtained with 
lipids. This can be observed in the root cell membranes, cuticular waxes 
deposited over the leaf of plants, in the cuticle of insects, in some amphibians, 
and in the epidermis of the reptiles, birds and mammals1. In the context of the 
present work special attention should be given to the water/xenobiotic barrier 
property of the epidermis of mammals that is obtained with a mixture of lipids 
that fills the voids between dead cells, corneocytes, in the uppermost layer of 
epidermis, the stratum corneum. In this mixture, the main lipid classes are 
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ceramides, cholesterol, long chain fatty acids and cholesteryl esters2. If an 
application is to be found to the work here presented, this will be mainly related 
to the functions performed by ceramides in the stratum corneum (SC) lipid 
matrix, due to the fact that the systems studied were constituted by a large 
amount of ceramides, and eventually because some of the ternary mixtures 
studied present a similarity in the relative molar proportion of cholesterol and 
long chain fatty acid, that were additionally added. 
Ceramides are a subclass of sphingolipids, and are composed of the amino 
alcohols D-erythro sphingosine, dihydrosphingosine or phytosphingosine 
(including also their C16, C17, C19, and C20 homologs), esterified to a long chain 
fatty acid. In the dihydrosphingosine backbone, the unsaturation is absent, and 
in phytosphingosine is replaced by a hydroxyl group located at C4. Ceramides 
containing additional hydroxyl groups in the fatty acid moiety are also detected 
in tissue extracts. More complex sphingolipids are obtained from ceramides, 
such as sphingomyelin, or cerebrosides, by the respective addition of a 
phosphocholine group or a sugar molecule. 
The ceramide used in most studies that compose this thesis is a sphingosine 
derived ceramide, N-palmitoyl-D-erythro-sphingosine, (C16-Cer). The basic 
structure of this ceramide is presented in Figure 1.1. 
 
 
Figure 1.1. - Molecular structure of N-palmitoyl-D-erythro-sphingosine. 
 
Cholesterol, 5-cholesten-3β-ol (Ch), (Figure 1.2.), is the major sterol found in 
mammalian organisms. This lipid is the second most abundant constituent of 
the SC lipid matrix. Cholesterol is also present in relatively high molecular 
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fractions in cell membranes3. The solubility of Ch in bilayers of 
glycerophospholipids range from 50 to 66 mol %4. This lipid performs important 
functions in the cell membranes, being essential for viability and cell 
proliferation3. Cholesterol is also a precursor of steroid hormones, bile acids 
and the active form of vitamin D. 
 
 
Figure 1.2. -  Molecular structure of cholesterol (5-cholesten-3β-ol). 
 
Long chain fatty acids are the third most abundant component of the SC lipid 
matrix2. This lipid class is also present in the plasma and other intracellular 
membranes, and is frequently found bound to albumin and to lipoproteins. 
Fatty acids (FA), are the primary energy source in well oxygenated heart, act 
as second messengers, K+ channel activators, inhibitors of the binding of 
plasma low density lipoproteins to receptors, and are uncouplers of oxidative 
phosphorylation5. Since trans-membrane translocation (“flip-flop”) of long chain 
fatty acids in phospholipid bilayers occurs rapidly, with a t1/2  2 s for un-
ionized FA, complex mechanisms (e.g. transport proteins) may not be required 
for translocation of FA in biological membranes5. As predictable, the physical 
properties of long chain fatty acids and its phase-behavior in the presence of 
water is strongly dependent on its ionization state (refer to section 1.9 in this 
chapter). 
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Cholesteryl esters, (CE), are ubiquitous in biological systems. In higher 
mammals, they are the form of both cholesterol transport in the blood-stream, 
and storage in living cells.  
 
1.2. Ceramides: localization and biological function 
 
Ceramides: the main lipid component of the skin barrier 
 
The epidermis of mammals is responsible for their skin water barrier 
properties. The barrier is located in the SC layer, as become established in the 
1950s6. Experimental data accumulated during the 80s and 90s of the last 
century, evidences that the SC lipid matrix plays the major role in this barrier 
function. This became evident with an experiment in which SC lipid removal 
with organic solvents, increased transepidermal water loss, TEWL7, and by the 
observation that inhibition of enzymes involved in the synthesis of CER, 
cholesterol and free fatty acid leads to impaired barrier function8,9. In the SC 
lipid matrix, ceramides are the most abundant lipid class2, performing a key 
role in this water barrier system. 
 
Ceramides in plasma membrane and the ceramide-rich-domains 
 
In the plasma membrane, ceramides have been established as a second 
messenger, involved in the induction of cell differentiation, inhibition of cell 
proliferation, regulation of inflammatory responses, and induction of 
apoptosis10. 
Studies in model bilayers indicate that lateral phase separation is predominant 
in mixtures of CER with phospholipids11. The involvement of ceramides in cell 
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signaling in association with the tendency of mixtures of ceramide and 
phospholipid to form co-existing CER-enriched phase domains, lead to 
suggestions that CER signaling could occur in specific regions of the cell 
membrane, like “rafts” and caveolae12. In these regions, shingomyelinase 
would hydrolyze sphingomyelin, generating the CER domains. Additionally, it 
is claimed by some authors to have evidence for the formation of these CER-
enriched membrane domains in cells13. 
Ceramide formation is also known to induce protein-protein contacts, which 
can modify the activity of the proteins12, and could be relevant for the signaling 
function attributed to the CER enriched domains. 
In addition, ceramides induce budding of vesicles in model membranes14, and 
this ability has also been confirmed in cells, what seems to indicate a 
functional role in the endocytic pathway12. Lateral phase separation of 
ceramide-rich domains seems to be involved in pathogen internalization and 
virus budding13. 
 
1.3. The composition and structural characteristics of stratum 
corneum  
 
The skin can be divided in several layers, the hypodermis, the dermis, and 
above it the epidermis (Figure 1.3.), and contains several appendices such as 
hair follicles, sebaceous and sweat glands. The uppermost layer of the 
epidermis is called stratum corneum. This layer has a thickness of 10-15 m 
and is composed of 18 to 21 cell layers15. 
 
 
 
 
 
 
Introduction 
7 
 
 
 
Figure 1.3. - Structure of human skin. Adapted from ref. 16. 
 
 
Stratum corneum, the final product of epidermal differentiation 
 
The SC is the final product of epidermis differentiation. At the basal layer of 
epidermis, keratinocytes undergo a continuous differentiation program that is 
completed when these cells finally die, and are called corneocytes. Along the 
epidermis several layers can be observed, illustrating the steps of keratinocyte 
differentiation (Figure 1.4.). These layers are respectively, from the deeper to 
the uppermost: stratum basale, stratum spinosum, stratum granulosum, 
stratum lucidum and finally, the SC17. 
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Figure 1.4. - Layers of the epidermis (cross section), evidencing the SC as the uppermost layer. 
Adapted from ref. 18. 
 
This differentiation process is continuously occurring in the body, and layers of 
“old” SC are continuously shed away from our skin, in a process known as 
desquamation. It is estimated that a complete cycle of the epidermis, from the 
basal layer to the SC comprises 20 to 30 days17. 
Along the differentiation process, the keratinocytes will develop cytoplasmatic 
bundles of tonofilaments and keratin filaments. These cells will start to produce 
two types of granules: the basophile granules, constituted by keratohyaline, 
and the lamellar granules, filled with lipid lamellae, which are round to ovoid, 
with a typical diameter ranging from 100 to 400 nm. The lipid content of the 
lamellar granules will give origin to the SC lipids. At a certain point, their 
content is released to the extra-cellular space, being composed mainly of 
phospholipids, glucosylceramides and cholesterol, together with hydrolytic 
enzymes2. The enzymes will process the extruded lipids, which results in a 
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final lipid composition constituted mainly by ceramides, long chain fatty acids 
and cholesterol.  
Additionally, the keratinocytes will develop in the inner part of the plasma 
membrane what is identified in electron microscopy as an electron-dense 
proteic layer with about 10 nm thickness. This membrane is known as the 
cornified envelope19. A covalently bound layer of lipids composed of long chain 
-hydroxyceramides will surround the extra-cellular surface of the 
corneocytes20,21. This layer is known as the lipid envelope. 
The result of this differentiation program is the formation of a network of flat 
dead cells without nuclei, with the cytoplasm filled with keratin, surrounded by 
a lipid matrix, now constituting the skin uppermost layer, the SC.  
 
pH of the stratum corneum  
 
The stratum corneum exhibits an acidic surface pH, while at its base in the 
inner layer, the pH approaches neutrality22. The acidic pH of the SC is 
essential for the activation of several pH-sensitive enzymes like β-
glucocerebrosidase and sphingomyelinase that process some of the lipids 
extruded by the lamellar granules, to ceramides. Another function proposed for 
the acidity of the SC, has been to provide antimicrobial properties to the skin. 
The origin of the SC pH has been attributed to the supply of protons by NHE1, 
a sodium-proton exchanger expressed by keratinocytes22 and also to several 
other mechanisms, such as byproducts of microbial metabolism, lactic acid 
and lactate from the sweat, the free fatty acids that compose the SC lipid 
matrix, the progressive desiccation of the SC and/or the generation of cis-
urocanic acid from filaggrin22. 
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Lipid composition of the stratum corneum matrix 
 
The published reports of stratum corneum lipid composition are extremely 
abundant; nevertheless, the proposed amounts for each lipid class are not 
coincident. 
From the determinations in the literature it is reasonable to consider that the 
SC lipid matrix is composed of ca. 44 mol % of ceramides, 38 mol % of 
cholesterol and 18 mol % of long chain fatty acids, calculated considering only 
these three main lipid classes. We have obtained this composition by selecting 
the three more coincident determinations obtained by three independent 
research groups using two different experimental techniques, among all the 
SC lipid determinations published in the literature collected by Wertz and 
Norlen23 (Table 1.1.). We chose the determination of Norlen et al.24, in which 
the relative proportions are reported in weight, and converted to molar 
composition by using the molecular mass of a C24 ceramide for the ceramide 
fraction. Some of the more recent SC lipid determinations that appeared after 
the cited review are also presented in Table 1.1. As can be appreciated, those 
determinations do not change our conclusions. 
Cholesteryl esters are the fourth most abundant lipid class, and small amounts 
of cholesterol sulfate are also present. This is an unusual composition for a 
biological membrane. Ceramide occurs in cell membranes only in residual 
amounts and fatty acids are often present but in much smaller quantities. From 
these lipids only cholesterol is a common component of cell membranes.  
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Table 1.1. - Selected stratum corneum lipid determinations. The first three determinations are 
the more similar determinations selected from the compilation of Wertz and Norlen
23
. More 
recent determinations are also presented. CAD – charged aerosol detector; HPTLC – high 
performance thin layer chromatography; LSD – light Scattering detector. 
 
 
Study 
Cer (mol%) 
base 
MM(cer 24) = 
650 
Ch (mol%)  
MM = 387 
FA (mol%)  
base 
MM (C24) = 
368 
 
Method 
Norlen et al., 1999 44 38 18 HPLC/LSD 
Wertz et al., 1987 41 45 15 TLC 
Bonté et al., 1997 (a) 41 38 21 TLC 
De Paepe et al., 2004 17 49 34 HPTLC 
Pappanien et al., 2008 38 34 28 TLC 
Merle et al., 2010 48 22 30 HPLC/LSD-CAD 
  (a) If we discard the unsaturated FA as a contamination, as proposed by Wertz and 
Norlen
23
  
 
When the ceramides extracted from SC are analyzed by thin layer 
chromatography (TLC)25, several chromatographic bands are detected. Figure 
1.5. illustrates representative structures of the CER type that constitute each 
TLC band. 
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Figure 1.5. - Structures of the ceramides of the stratum corneum. Adapted from ref. 25. 
 
As can be observed, each fraction contains one structural type of CER. There 
are combinations of sphingosines or phytosphingosines with amide linked 
normal or -hydroxy acids. Within each fraction, there is considerable 
heterogeneity in aliphatic chain length.  
Note the structure of fraction 1, called ceramide EOS or acylceramide. In 
porcine SC, this unusual lipid is composed by a -hydroxy-acid containing 30 
to 34 carbons, amide linked to sphingosine or dihydrosphingosine. A fatty acid, 
most often oleic acid, is ester linked to the -hydroxyl group. This very long 
and unusual lipid has attracted much attention, in order to elucidate its 
biological function. Some authors propose that this CER plays a key role in 
determining the formation of the stratum corneum lamellar phase with 13 nm 
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thickness26,27, a long periodicity phase (LPP) detected in SAXS 
characterizations of intact SC28,29. In some studies, the authors only find the 13 
nm phase when ceramide 1 is added to certain lipid mixtures, what they 
interpret as ceramide 1 being necessary for the LPP phase30,27. This long chain 
ceramide has a clearly established role in the formation of the corneocyte lipid 
envelope31,32, and the linoleic moiety seems to be required for the 
transglutaminase 1 enzyme to attach this lipid to the cornified envelope32.  
The long chain fatty acids of the SC, are straight-chain and saturated. The 
most abundant chain length ranges from C24, C26 and C28
2. 
Cholesteryl esters are also detected. The amounts reported in the literature 
range from 2%19 to 18%24, depending on the study. This variability is frequent 
in lipid determinations of tissues, due to contamination. In a study conducted 
by Wertz and colleagues33, the lipid composition of the SC was determined in 
epidermal cysts. Epidermal cysts are isolated structures where the SC grows 
inside a capsule. Consequently, as no contamination occurs, this lipid 
determination can correspond more precisely to the true lipid composition of 
the SC. In this study, a 10 wt % in CEs was obtained, which makes cholesteryl 
esters as the fourth most abundant lipid class in the SC. Further confirming the 
relevance of CEs is a study in which the lipid determination of the SC of a 
reconstructed skin growth in vitro has been performed. This SC is obtained 
from keratinocytes that are growth over a collagen substrate, therefore without 
subcutaneous or sebaceous contamination, and cholesteryl esters were clearly 
detected34.   
 
Organization of the stratum corneum lipids 
Electron microscopy following fixation with the stronger oxidizing agent 
ruthenium tetroxide, shows that the lipids are arranged in defined lamellar 
layers35. Powder diffraction X-ray diffraction studies28,29, detected in human 
SC, the presence of two crystalline lamellar phases at 25 ºC. The lamellar 
repeat distances obtained are 6.4 nm, and 13.4 nm, an unusual thickness for 
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conventional bilayers. Several theoretical models explaining the molecular 
arrangement of lipids that give origin to this 13 nm large lamellar phase have 
been proposed in the literature36. Nevertheless, the existence of this LPP 
phase in native SC is not accepted by all authors, being currently a matter of 
debate37,38. 
An X-ray signal with lipid origin, located at 4.6 Å, which is characteristic of 
lipids in the fluid state, is also detected28, co-existing with the 6.4 and 13.4 nm 
crystalline lamellar structures. 
Empirical approach to the study of the stratum corneum lipid matrix 
Several research groups have been studying complex in vitro lipid mixtures. 
These mixtures are designed to mimic the composition, and in some cases the 
structure of the SC lipid matrix. Recently, these studies have been reviewed in 
detail by Neubert and colleagues39. In a very short resume, we can say that, 
the lipid compositions used by each group are not exactly the same. Some use 
skin-extracted ceramides, whereas others opt for natural or synthetic 
commercially available CER. Some include an additional lipid such as 
cholesterol sulfate to the three major components, ceramide, cholesterol and 
saturated fatty acids. Despite these differences and also the diverse 
preparation methodologies, important information can be derived. It is now 
clear that using exclusively lipid molecules it is possible to obtain in vitro the 
main structural features of intact SC lipid matrix, discarding the initial proposal 
by White et al.28, that another component, such as a protein, could be 
necessary to control the arrangement of the intercellular lipid domains. Several 
authors have described the presence in their mixtures of the two characteristic 
lamellar phases, with about 6 nm and 13 nm40,30. Also, the rigid organization of 
the SC lipid matrix at the skin temperature, has been observed in these 
mixtures by a variety of techniques such as 1H nuclear magnetic resonance 
(1H-NMR)41, fourier transform infrared (FTIR)42,43, and wide angle X-ray 
scattering44. The rigidity of the lipids observed for ternary simpler mixtures 
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containing only CER, cholesterol and long chain fatty acids has been 
confirmed in more complex mixtures45. 
Note that the focus of most of these studies has been to replicate in vitro the 
properties of the SC lipid matrix and determine which components, from its 
complex composition, are the key structural lipids, and not to characterize the 
physical-chemical properties of the individual lipids, and their mixtures. 
In this thesis the thermotropic phase behavior of well-defined binary 
(containing cholesterol) and ternary (with additional long chain fatty acid) N-
sphingosyl ceramide mixtures has been studied. For the binary C16-Cer, 
cholesterol mixture, a phase diagram in excess water has been obtained. The 
structural studies by SAXS-WAXS allowed the identification of three 
stoichiometric aggregates in the mixtures studied, and to our knowledge, this 
constitutes the first direct experimental evidence of the existence of such 
structures in lipid bilayers. The miscibility of a model cholesteryl ester, 
cholesteryl oleate was also accessed, in a ternary mixture of C16-Cer, 
cholesterol, and long chain fatty acid.  
1.4. Thermodynamic properties of pure lipids in water 
 
An important component of the physical-chemical characterization of 
amphiphilic lipids in excess water is the study of their thermotropic phase 
behavior.  
 
The main phase transition  
A typical heating scan of phosphatidylcholine bilayers in excess water, the 
amphiphilic lipid for which systematized knowledge was acquired in first place, 
obtained by differential scanning calorimetry (DSC), is presented in Figure 1.6. 
This specific lipid type forms bilayers when dispersed in water. As can be 
appreciated, the main phase transition of an amphiphilic lipid in excess water 
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is a sharp peak. It corresponds to a phase transition from a state where the 
lipid chains are more ordered, with a high trans-gauche configurational ratio, to 
a “liquid-crystalline”, “fluid” phase46, in which the hydrocarbon chain 
configuration is characterized by a lower trans-gauche configurational ratio. In 
this specific example, a first small endotherm is also detected, which 
corresponds to a pre-transition to the ripped phase, P’. This pre-transition is 
only observed for saturated phosphatidylcholine water mixtures. The maximum 
temperature of this peak, Tm, is used to characterize the transition, associated 
with the enthalpy of the transition. 
 
 
 
Figure 1.6. - Typical differential scanning calorimetry heating scan of saturated chain 
phosphatidylcholine bilayers in excess water. The lipid organization correspondent to each 
temperature region is depicted in the lower portion.  L’ - Lamellar gel tilted; P’ - Rippled gel; L - 
Lamellar liquid crystalline. Adapted from ref. 84. 
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Compilation of Tm, ∆H
o and ∆S, for several lipid types is available47. The phase 
transition temperature is markedly dependent on the hydrocarbon chain length, 
the nature of the polar head-group, the presence, number and position of 
double bounds in the hydrocarbon chains, and ionic composition48. 
The main phase transition in lipid bilayers is the result of hydrocarbon chain 
melting49. This has been concluded from two experimental facts. First, the wide 
angle powder diffraction pattern of saturated phosphatidylcholine bilayers 
below the temperature of the main phase transition is composed by one or 
several sharp lines and above Tm by a diffuse line at 4.5 Å, very similar to the 
profile of fluid long chain alkanes. Additionally, systematic studies of the 
dependence of Tm with acyl chain length, performed for saturated 
phosphatidylcholines, showed a systematic increase of the Tm with the 
increase in acyl chain length. 
The phase transition in lipid bilayers has a non-zero transition enthalpy (Hº  
0). Nevertheless it occurs in an appreciable range of temperatures. Impurities, 
and packing imperfections in the solid state, introduce artifact broadening of 
transition temperatures. With the measurements on purer 
dipalmitoylphosphatidylcholine (DPPC) samples50, it become clear that the 
main lipid bilayer transition is truly first order.   
 
1.5. Structural properties of amphiphilic lipids in water 
 
The amount of water influences the phase behavior of phospholipids. The 
transition temperature decreases with increasing water content, up to a limit 
value. The phase behavior of the lipid with variable water amounts can be 
represented in a diagram as presented in Figure 1.7. 
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Figure 1.7. - Phase diagram of dimyristoyl phosphatidylcholine as a function of water content. 
Refer to Figure 1.6., for the meaning of L’, P’ and L. Adapted from ref. 51. 
 
 
Structures formed by amphiphilic lipids in excess water 
 
In mixtures with water, amphiphilic lipids display polymorphism. Several types 
of lamellar phases have been observed (Figure 1.8.). 
The type of structure formed is dependent on the lipid characteristics - 
headgroup, acyl chain length, presence and position of unsaturations in the 
hydrocarbon chain - and on other factors, such as temperature, water content, 
pH, ionic strength and pressure. 
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Figure 1.8. – Several lamellar forms of amphiphilic lipids in excess water. LC - Lamellar 
crystalline, L - Lamellar gel. Refer to Figure 1.6., for the meaning of L’ and L. Adapted from ref. 
51. 
 
Lipid-water systems may arrange in a wide range of different structures in 
addition to the lamellar phases which are the most common in biological 
systems. Examples of these are the hexagonal phases, in which the lipid 
molecules form cylinders, either with the polar groups facing outside, HI, or 
inside, HII, packed in a hexagonal pattern, and phases of cubic symmetry. 
Figure 1.9., illustrates both an inverted hexagonal (HII) phase, and an example 
of a bilayer cubic phase, in which both the lipid and the aqueous phase are 
continuous (bicontinuous). 
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Figure 1.9. - Structure of an inverted hexagonal phase and a bilayer cubic phase. Adapted from 
ref. 52. 
 
A very simplistic but useful model taking only into account geometric 
considerations can be used to predict and understand the structures formed by 
the amphiphilic molecules53. A surfactant parameter: 
 
                                           (1)                               
  
can be derived in which, V  is the volume of the hydrocarbon portion, ao is the 
effective area per head group, and l is the length of the hydrocarbon chains. 
Bilayers may be formed for amphiphilic molecules with a surfactant parameter 
= 1. Inverted structures, such as inverted hexagonal phases, are formed for 
surfactant parameter › 1. 
 
 
 
 
𝑁𝑠 =  
𝑉
𝑙𝑎𝑜
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Lamellar phases 
 
The nomenclature of lamellar lipid mesophases is composed by a first letter 
referring to the form of arrangement, and a second describing the acyl chain 
packing mode (Figure 1.8.). 
 
Lamellar crystalline state: LC.  The molecular lateral packing properties of 
lipids in this phase are similar to those observed from single crystal X-ray 
studies of lipids in their anhydrous crystals51. Note that this LC state is not a 
three dimensional crystal. The several powder pattern wide angle reflections 
observed in the LC state, evidence order that propagates only within each 
bilayer, and not to adjacent bilayers103.  
When the hydrocarbon chains are packed in a precise, crystalline 
arrangement, each methylene group in the hydrocarbon chain occupies a 
specific position. As a result, a series of peaks are observed in the X-ray wide 
angle region that can be indexed in a variety of different cell types. To 
characterize the amphiphilic lipid mesophase, a specific subcell describing the 
form of hydrocarbon chain packing is determined. In this acyl chain packing 
subcell, a and b describe the two-dimensional lattice perpendicular to the chain 
axis. Examples of such subcells observed for several lipids are triclinic, 
orthorhombic and hexagonal54 (Figure 1.10.). For phospholipids and 
sphingolipids, were the two hydrocarbon chains are linked to the same 
molecule, the packing possibilities are restricted. In this case, hybrid subcells 
have been proposed55. 
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Figure 1.10. - Examples of acyl chain packing modes for several lattices. Adapted from ref. 54. 
 
Lamellar gel phase:  Lβ and Lβ’.  X-ray powder diffraction of lipid bilayers in 
the L state show a hexagonal or orthorhombic hybrid subcell packing of the 
hydrocarbon chains. In this state, the molecules are less tightly packed than in 
the lamellar crystalline phase, and this phase is more hydrated than the LC. In 
the Lβ’ phase, the acyl chain axes are tilted relative to the normal to the bilayer 
plane. This tilting is rationalized as resulting from the differences in the in-
plane area occupied by the head groups, which is slightly larger than the sum 
of the in-plane area of the two acyl chains.     
 
Lamellar liquid crystalline state:  Lα. In the lamellar liquid crystalline state, 
the acyl chain configuration is characterized by a low trans/gauche 
configurational ratio. By X-ray powder diffraction, a diffuse broad band 
centered at 4.5 Å is detected similar to what is observed for fluid aliphatic 
hydrocarbons. Nevertheless, as become established by 2H NMR, the initial 
segment of the acyl chains near the interface is relatively ordered. In the Lα 
state, the bilayer thickness is smaller than in the lamellar gel, and crystalline 
states, which results from the distortions of the hydrocarbon chains not 
extended at maximum in the all-trans configuration. Most biological 
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membranes are in the L state. The crystalline lamellae of the SC constitute an 
exception28. 
 
1.6. Thermotropism of mixtures of lipids: binary phase diagrams 
 
A phase diagram indicates the phases present in mixtures of all possible 
combinations of the components, at all temperatures, and the information 
presented always represents the phase relationships that occur under 
equilibrium conditions. With a phase diagram we are able to predict, for a 
given temperature, pressure and chemical composition of the system, which 
phases are present, their composition and how they interconvert with changes 
in pressure, temperature or composition. For a system with C components the 
Gibbs phase rule relates the maximum number of phases present at 
equilibrium, P, with the degrees of freedom of the system, F: 
 
F + P = C + 2                                                                   (2) 
 
In the regions of the phase diagram were phase co-existence is observed, it 
should be noted that there are some specificities in the topology of the 
mesophases of the two-dimensional (2D) amphiphilic lipid bilayers systems, as 
compared to three-dimensional (3D) systems. A fundamental difference 
between lipid bilayers systems and the usual 3D systems is the way in which 
the phases are dispersed. While to minimize the contribution of the surface 
tension for the enthalpy of the system the 3D systems tend to decrease the 
area of interface between the phases in presence this is not the case in lipid 
bilayers, at least in many of the systems studied56. In fact, the size of the 
distinct patches of lipids is small56.  In this manner, the two phases do not 
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occupy separate regions in space, meaning that interfacial effects are 
expected to be significant. 
 
Types of phase diagrams 
The properties of mixtures of substances give origin to different types of phase 
diagrams. Figure 1.11 illustrates some of the basic types. 
 
 
Figure 1.11. -  Main types of phase diagrams. F – Fluid; S – Solid; E – Eutectic point; M – 
monotectic point. Adapted from ref. 47.  
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An isomorphous phase diagram occurs in mixtures where the two components 
are mutually soluble. The components are soluble in all proportions, both in the 
liquid and in the solid state. This complete miscibility is only possible if the 
structure of the pure components is virtually identical57. In eutectic systems, 
the mixture of the two components induces a lowering of the melting point, 
relative to the melting temperature of each component. The liquidus curve 
passes through a minimum temperature, known as the eutectic point. For this 
specific composition, the solid mixture melts in a narrow temperature range, in 
the same manner as a pure compound. In eutectic systems, the components 
in the liquid state are miscible in all proportions, but miscibility in the solid state 
is limited. The binary monotectic phase diagrams are included in the eutectic 
class. The difference relies in the fact that during cooling, two co-existing 
immiscible liquids give origin to one solid immiscible with another liquid phase 
whereas in eutectic systems, the liquid melt originates two immiscible solids. 
Other types of more complex phase diagrams have been described namely 
the binary peritectic and the binary syntectic. 
 
Congruent transformation 
In some phase diagrams a congruent transformation is observed. For a certain 
specific composition, the mixture melts in an extremely narrow temperature 
range, and this composition is maintained during the transformation. The 
mixture behaves exactly as a pure component. When this phenomenon is 
observed in a phase diagram, the diagram can be separated in two distinct 
parts, taking the congruent mixture as a single component. In compound 
phases the molecules are not randomly distributed (solid solution) but each 
molecular species has a specific position in the crystal lattice. In our thesis 
work, we have detected several compounds phases, namely for the C16-Cer, 
cholesterol, and the palmitic acid mixture. 
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1.7. N-sphingosyl ceramides 
 
The melting point of dry N-24:0-sphingosylceramide and N-16:0-
sphingosylceramide is respectively 93-95 ºC58 and 95.4 ºC59. Although the data 
are only available for two chain lengths, it seems to indicate that for dry 
ceramides the variation in the melting point with chain length is small. A similar 
behavior has been observed for other amphiphilic lipids such as 
phosphatidylcholines, phosphatidylethanolamines, and N-acyl sphingosyl 
sphingomyelins with saturated acyl chains47.  
To the best of our knowledge there are no single crystal structure models for 
N-sphingosyl ceramides (N-SPHING CER) in the scientific literature, but there 
are determinations concerning hydroxylated ceramides. It is not 
straightforward that the structure of hydroxylated ceramides can be compared 
to that of N-sphingosyl ceramides. Nevertheless, due to the importance of the 
structural data obtained from single crystal studies and its possible implication 
for our work, this information is presented in the following section. 
 
Single crystal structures of hydroxylated ceramides 
The single crystal structure of two ceramides, N-tetracosanoyl-
phytosphingosine, and N-(2D,3D-dihydroxyoctadecanoyl)-phytosphingosine, a 
CER with the maximum number of hydroxyl functions, has been 
determined60,61. In those crystals, the ceramides are not packed with parallel-
stacked chains, forming a bilayer, but with extended conformations, in single 
layers, Figure 1.12. This constitutes an exception for amphiphilic double chain 
lipids, which are organized in bilayers62.   
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Figure 1.12. - Solid state packing arrangements of two hydroxylated ceramides. The ceramides 
are 24-PSp - N-tetracosanoyl-phytosphingosine; h218-PSp - N-(2D,3D-dihydroxyoctadecanoyl)-
phytosphingosine. Adapted from ref. 62. 
 
In the crystal of N-tetracosanoyl-phytosphingosine60, the CER molecules are 
packed with extended chains in single layers, with the molecules adopting a V-
shaped conformation (Figure 1.12). The molecules are connected by three 
intermolecular and one intramolecular hydrogen bond in the polar part of the 
molecule. The hydrocarbon chains are pointing out in opposite directions, 
adopting the V-shaped form, to allow space for the hydroxyl groups in the polar 
part of the molecule. This lipid also forms regular interdigitated bilayers, 
depending on the protocol of crystallization63. 
In the N-(2D,3D-dihydroxyoctadecanoyl)-phytosphingosine crystal61, the polar 
groups are also located in the central region of the monolayers, involved in an 
extensive network of hydrogen bonds. The amide nitrogen and carbonyl 
function, and all the four hydroxyl groups are involved in two hydrogen bond 
systems, such that each molecule establishes six lateral interactions with four 
neighbor molecules. The hydrocarbon chains are tilted by 46 º with respect to 
the layer normal. Laterally the chains pack according to the orthorhombic 
perpendicular chain packing mode. The subcell dimensions are a = 5.03, b = 
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7.39 and c = 2.53 Å, with  = 90.1  = 91.4 and  = 89.6 º. The packing cross-
section of the chains perpendicular to their long axis is 18.6 Å. 
Pascher and Sundell61 interpret the reluctance of hydroxylated ceramides to 
adopt a bilayer structure has the result of a network of hydrogen bonds that is 
established at the monolayer center. This network of interactions seems to be 
more favorable than an alternative network in a bilayer arrangement. 
 
Structure in monolayers at the air-water interface 
The structure of synthetic N-C18:0-sphingosyl ceramide films at the air-water 
interface has been studied by X-ray reflectivity and grazing incidence X-ray 
diffraction64. 
In this study, the authors find evidence for an arrangement of the CER film in 
two co-existing phases. One with hexagonal acyl chain packing (lattice 
constant a = 4.81 Å), and another with an orthorhombic arrangement (lattice 
constants a = 5.30 Å, b = 7.84 Å). At higher compressions, the hexagonal acyl 
chain packing is predominant. Without compression, both arrangements are 
detected, and a two dimensional gas phase also co-exists. In another work, 
Scheffer and colleagues studied monolayers of N-palmitoyl-D-erythro-
sphingosine, also by grazing incidence X-ray diffraction measurements 
(GIXD)65. For uncompressed monolayers at the air-water interface, they have 
obtained four overlapping peaks at qxy = 1.45, 1.49, 1.53 and a small one at 
1.62 Å -1. From their diffraction data they derive a near rectangular unit cell with 
a = 5.02, b = 8.17 Å, and  = 91.9º. At high pressures, approximately               
20 mN.m-1, sharper peaks are obtained at qxy = 1.43, 1.48, and at 1.62 Å
 -1 
interpreted as a near-rectangular unit cell, with a = 5.18 Å, b = 7.74 Å and  = 
92.2º. Both phases have a monolayer thickness of 20 Å, derived from the full 
width at half maximum of the Bragg rods along qz. 
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Monolayers of ceramide, cholesterol mixtures  
In the above mentioned study of Scheffer and colleagues, several mixtures of 
N-palmitoyl-D-erythro-sphingosine with cholesterol were also characterized by 
GIXD. At a CER:Ch ratio ranging from 100:0 to 70:30, they detect only 
crystalline CER. From 70:30 to 50:50 a crystalline mixed phase composed of 
ceramide and cholesterol is observed, co-existing with the pure CER phase. 
And from a CER:Ch ration of 33:77 up to 10:90, only the mixed phase is 
present. They observe continuous miscibility of cholesterol with CER, even at 
high cholesterol concentrations. 
 
Thermotropic phase behavior 
Shah et al.59 have characterized the phase behavior of anhydrous synthetic 
CER with a non-hydroxy fatty acyl palmitoyl chain, the C16-Cer. A single 
thermal transition at 95.4 ºC, with a ΔHº = 43.5 kJ.mol-1 is observed. By 
powder pattern X-ray diffraction, it was established that the low temperature 
organization is a lamellar phase with d = 4.21 nm, and four sharp reflections in 
the wide angle region located at 0.48, 0.43, 0.41 and 0.37 nm. At 92 ºC, a 
single broad reflection with a repeat distance of 2.75 nm with a diffuse band in 
the wide angle region at 0.47 nm, which is indicative of melted acyl chains, is 
observed. 
Hydrated systems of C16-Cer display a broad exothermic transition at          
50-70 ºC, followed by an endothermic transition at 90 ºC with a ΔHº of 13.8 
kcal/mol59. The low temperature metastable phase is lamellar with                    
d = 4.69 nm, and a broad wide angle peak at 0.41 nm. After the exothermic 
transition, the lamellar phase has a repeat distance of 4.18 nm, and four main 
wide angle reflections at 0.45, 0.41, 0.40 and 0.38 nm. Finally, at 90 ºC the 
diffraction pattern is composed by a single broad reflection at 2.99 nm, and a 
wide angle diffuse reflection at 0.46 nm, which is characteristic of melted 
chains. 
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The C16-Cer thermotropism and phase behavior has also been characterized 
by FTIR66. At 63 ºC, a solid-solid phase transition, interpreted as an 
orthorhombic to hexagonal chain packing transition is observed. With further 
increase in temperature, at 90 ºC a transition to a phase with conformationally 
disordered chains is observed.  
 
Ceramides establish strong hydrogen-bonds 
In the characterization of N-sphingosyl ceramides, (bovine brain derived) 
prepared in excess water by FTIR, the presence of strong hydrogen bonds to 
the CER amide group is clearly detected67. This conclusion was derived from 
the reduction in amide I frequency, generally located at approximately 1650 
cm-1, and mostly originated by C=O stretch, and the increase in amide II 
frequency, generally located at approximately 1550 cm-1, mostly resultant from 
C-N stretch and N-H in plane bending. This result has also been confirmed for 
synthetic N-C18:0-sphingosyl-ceramide68.  
 
Dependence of Tm with acyl chain length 
In a study conducted by Hui-Chen Chen and colleagues66, the main transition 
temperature of a series of ceramides prepared in excess water has been 
determined. The ceramides are synthetic N-sphingosyl ceramides with chain 
lengths C14, C16, C18 and C20. The main transition temperatures are 
respectively: 86.3, 94.1, 92.7 and 92.9 ºC, evidencing a reduced dependence 
of Tm on the fatty acid chain length, as compared with hydrated phospholipids 
bilayers. The authors propose that this effect results from a reduced hydration 
of ceramides. 
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Hydration behavior 
 
In our experience N-SPHING CER do not behave as the most thoroughly 
studied phosphatidylcholines that can be observed to spontaneously hydrate in 
the presence of water, originating turbid, homogeneous dispersions. On the 
contrary, when N-sphingosyl ceramides water dispersions are prepared, their 
macroscopic aspect can be described as a clear fluid containing some “solid 
like” white plates floating at the water surface. This observation raise concerns 
related with the capacity of N-SPHING CER to hydrate. Additionally, 
Jendrasiak and Smith69, predict that ceramides obtained from hydrolysis of egg 
and brain sphingomyelin are weak water adsorbers. These natural 
sphingomyelins have N-sphingosyl architecture. The authors measured the 
amount of water vapor adsorbed by a monolayer of CER along increasing 
water vapor pressure. 
In opposition, and suggesting that N-sphingosyl ceramides are able to hydrate, 
a study of the thermotropism of this CER type with increasing water content, 
evidence a clear reduction in the main phase transition temperature with 
increasing water amount59. Dry synthetic N-C16:0-sphingosyl ceramide has a 
Tm = 95.4 ºC with H
o = 43.5 kJ.mol-1. The main transition temperature 
decreases until a limiting water amount of 9.3 weight %, with a Tm = 90.2 ºC, 
and H o = 58.5 kJ.mol-1.  
 
Phase diagrams of ceramide with other lipids 
 
The relatively recent interest in the function of ceramides in a number of 
cellular functions originated several studies involving N-sphingosyl ceramide in 
the presence of phospholipids namely the construction of partial phase 
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diagrams. Several phase diagrams have been obtained such as of N-
sphingosyl ceramide (bovine brain derived) with DPPC70, N-sphingosyl 
ceramide C16:0 with 1-palmitoyl-2-oleoyl phosphatidylcholine, POPC71, with 
dimyristoylphosphatidylcholine, DMPC72 and with dielaidoyl 
phosphatidylethanolamine, DEPE73. The overall picture that results from those 
diagrams74 evidences that the miscibility of CER with phospholipids in the gel 
state is reduced. In the liquid crystalline state, phase separation is already 
observed at very low ceramide concentrations. The studies were only 
performed in the region of low ceramide content, up to approximately 20%74. 
Only one study71 explored the phase diagram at high CER concentrations. 
To our knowledge, all the phase diagrams of CER with cholesterol and with 
fatty acids published in the literature have used phytosphingosine derived 
ceramides. These CER have distinct physical properties, and therefore are not 
directly comparable with the ceramide used in our studies, N-sphingosyl 
ceramide.  
 
 
 1.8. Cholesterol 
 
Structure in the solid state 
 
The crystal structure of cholesterol monohydrate, which is the stable form of 
cholesterol in water, was studied by Craven75. He proposed a structure in 
which the molecules are organized forming a stacking of bilayers of thickness 
3.39 nm. The single crystal structure of the anhydrous form of Ch was 
determined in 1977 by Shieh et al.76. The structure proposed was also a 
stacking of bilayers with a thickness of 3.39 nm. In fact, crystals of 3-hydroxy 
steroids and their hydrates show a tendency to form bilayer structures76. 
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Thermotropic phase-behavior in water 
 
The phase behavior of cholesterol in the presence of water was studied by 
Loomis et al., in 197977. With the increase in temperature of anhydrous 
cholesterol:water mixtures, two major transitions are observed, at 39 ºC, with 
Ho = 0.91  0.5 kcal/mol, and at 151 ºC, with 6.59  0.25 kcal/mole (Figure 
1.13. lower trace). The powder pattern X-ray diffraction of the lower 
temperature polymorph is similar to the phase that is formed above 39 ºC, 
except for differences in peak intensities. In addition, a new peak at 0.54 nm is 
detected for the polymorph stable above 39 ºC. Above 151 ºC, an isotropic 
liquid is formed, with an X-ray diffraction pattern containing two broad maxima 
centered at 0.6 and 2.1 nm. When the system is cooled, a hysteresis of 35 ºC 
was observed for the first crystallization. The lower transition also presents 
some hysteresis. 
For cholesterol monohydrate in water (Figure 1.13. upper trace) when the 
temperature is increased, three thermal transitions are observed. The first 
occurs at 86.4 ºC, with an Ho of 2.35 kcal/mol, and corresponds to the 
transition to the anhydrous state. The second is observed at 123.4 ºC, with a 
Ho of 3.42 kcal/mol, and represents the formation of the hydrated smectic 
liquid crystalline phase of Ch. Finally, a third transition is observed at 156.8 ºC 
with an Ho of 2.29 kcal/mol, which corresponds to a transition to a isotropic 
liquid.  
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Figure 1.13. - Phase transitions of cholesterol in water both in the monohydrate and anhydrous 
forms.   The differential scanning calorimetry heating scans where acquired at 5 ºC/min. 
Adapted from ref. 77.  
 
Models for phospholipids/cholesterol mixtures: the “condensed 
complex” formation proposal 
 
The hypothesis that cholesterol forms “complexes” with phospholipids has 
been raised since the 60s, to explain the non-ideal physical properties of 
mixtures of Ch with phospholipids78. More recently, Mc Connell and co-workers 
have become defenders of these cholesterol/phospholipid aggregates that 
they name “condensed complexes”, and performed a series of systematic 
studies on the subject79. 
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In their studies of phospholipids mixtures containing cholesterol, in monolayers 
at the air-water interface, an unusual phase diagram with two upper 
immiscibility critical points is obtained. They interpret their data as evidencing 
the formation of stoichiometric aggregates between the phospholipid and Ch. 
A thermodynamic model assuming the formation of those aggregates that 
simulates the phase diagram experimental data has been developed. With this 
quantitative model it was possible to predict and interpret several properties of 
phospholipids mixtures with cholesterol, such as the Ch chemical activity and 
average molecular area. All these properties change rapidly near the 
composition for which cholesterol phospholipid stoichiometric aggregates are 
thought to be more abundant, which correspond to the position of the sharp 
cusp in between the two liquid immiscibility areas shown in Figure 1.14. The 
stoichiometry of the hypothetical aggregates can also be derived from this 
experimental point.  
 
 
 
 
Figure1.14. - An unusual phase diagram with two upper immiscibility critical points. The lipids 
are egg-sphingomyelin and cholesterol. Adapted from ref. 78.  
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McConnell and co-workers, suggest that the liquid ordered phase observed for 
cholesterol and some phospholipids mixtures can be constituted by 
stoichiometric aggregates of phospholipid and Ch78. They also defend that the 
“lipid rafts”,  lipid assemblies that provide laterally segregated platforms, 
proposed to exist in cell membranes, and to be involved in several cellular 
functions such as protein and lipid trafficking and signal transduction80, can be 
composed of those aggregates78. 
In alternative, several authors propose models for phospholipids mixtures 
containing Ch without making use of a special mechanism such as the 
formation of aggregates. Ipsen and colleagues81 propose that in the liquid 
phase, cholesterol tends to promote conformationally ordered acyl chains. 
They have developed a thermodynamic and a microscopic model that is able 
to explain the typical phospholipids cholesterol phase diagram. However, the 
formation of regular arrangements as also been advanced by some authors82. 
In regular distributions, the guest molecules are maximally separated in the 
lipid matrix, as a result of a repulsive interaction. This specific separation 
originates an ordered arrangement of the positions of the guest molecules in 
the lipid matrix. With this model, that results in cholesterol molecules being 
arranged in a hexagonal superlattice82, the authors are able to explain a series 
of breaks in the fluorescence intensity of probes incorporated in bilayers of 
phosphatidylcholines with Ch. A regular arrangement can be responsible for 
dramatic alterations both at the thermodynamic and structural level, at certain 
specific Ch molar fractions, and would simply result from a repulsive 
cholesterol-cholesterol interaction. The physical fundament proposed for the 
Ch/Ch repulsion is an unfavorable interaction between the bulky, rigid ring 
structure of sterol molecules. Huang and Feigenson have also proposed a 
model, the “umbrella model”, which predicts that at certain cholesterol molar 
fractions, highly regular lipid distributions are formed83. The experimental data 
explained by their model is the maximum cholesterol solubility in several model 
lipid bilayers. The physical origin of the increase in energy associated with the 
cholesterol-cholesterol contacts is proposed to derive from the incapacity of 
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the phopholipid head-group “umbrella” to provide shielding of the nonpolar part 
of cholesterol from exposure to water with further addition of cholesterol.  
 
 
1.9. Long chain fatty acids 
 
 
Structure and thermotropic phase behavior in water 
 
The structure and thermotropic phase behavior of long chain fatty acids is 
influenced by their liotropism84. When mixed with water, the FAs can become 
neutral, ionized, or in a mixture of both forms depending on the surrounding 
media pH. As a consequence, an additional phase, the so-called fatty acid 
soap, has to be considered. Fatty acid soaps are the salts of mono, di, or 
trivalent metals with aliphatic carboxylic acids84. 
The thermotropic phase behavior of long chain fatty acids in excess water has 
been systematized84. As a general rule, a neutral long chain fatty acid melts 
directly to an isotropic liquid. For the correspondent soap, thermotropic 
mesomorphism is observed, with formation of several liquid crystalline states 
before a final transformation to the liquid state. The main phase transition 
temperatures are considerably higher for the soap, as compared to the 
respective acid form. In Figure 1.15., a simplified summary of the thermotropic 
phase behavior of long chain fatty acids in excess water is presented. 
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Figure 1.15. - Summary of long chain fatty acids phase behavior in excess water as a function 
of pH and the state of acyl chain. FA – Fatty acid; Tm – main phase transition temperature. 
Adapted from ref. 84. 
 
In excess water, the neutral form of the FA is arranged in crystals below the 
main phase transition temperature (Tm). When the temperature is increased, 
melting to liquid oil in the aqueous phase occurs. The ionized form is 
organized in soap crystals in water, for temperatures below the Tm, and when 
the temperature is increased, the crystals melt originating micelles dispersed in 
water. At intermediate pH values, both the fatty acid neutral and ionized forms 
are present. In this case, the system is arranged in acid-soap crystals at 
temperatures below the main phase transition temperature. With increasing 
temperature, a lamellar liquid crystalline phase is formed. Note that long chain 
fatty acids behave as amphiphilic lipids at intermediate pH values. The mixture 
of neutral and ionized forms has the appropriate geometry for bilayer 
formation, instead of oil droplets or micelles. 
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This is a simplified summary of long chain fatty acids thermotropic phase 
behavior, which is highly complex, and is also dependent on FA concentration, 
type of cation, concentration, and chain length84. 
 
Induction of inverted hexagonal phases 
 
When a neutral fatty acid is added to phosphatidylcholines, an inverted 
hexagonal phase is induced upon melting of the system85,86. This phenomenon 
occurs for FA with a chain length equal or superior to C16. This observation is 
rationalized in the following manner. The inverted structure is favored due to 
an excess in the acyl chain cross section when the FA is inserted, when 
compared to the choline head-group area. The formation of hexagonal phases 
in mixtures of ceramide, cholesterol and fatty acid is also reported by several 
authors87,88,41, and in our studies, refer to chapter 3, we have also observed 
inverted hexagonal phases when the fatty acid was added to a binary CER/Ch 
mixture. 
 
Phase-behavior of mixtures of palmitic acid and cholesterol in excess 
water 
 
The thermotropic phase behaviour of some palmitic acid, Ch mixtures in 
excess water has been studied by Ouimet et al.89. Mixtures of palmitic acid 
with cholesterol, both at relative molar proportions of 50:50 and 25:75 at pH = 
8.5, form fluid bilayers with a repeat distance of 4.9 nm between 25 ºC and 70 
ºC.  
At pH = 5.4 and below 50 ºC palmitic acid and Ch are immiscible and phase 
separate, being in the crystalline form. Between 50 and 55 ºC a transition to a 
liquid lamellar phase, with d = 3.9 nm is observed. When the amount of 
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palmitic acid is increased above the eutectic point located between 50 and 70 
mol% cholesterol, a co-existing phase rich in palmitic acid melts at 58 ºC89. 
 
1.10. Cholesteryl Esters 
 
Structural arrangements of cholesteryl esters 
 
The phase behavior of cholesteryl esters is dependent on the fatty acid that is 
linked to the cholesterol moiety being saturated or unsaturated, and of its chain 
length. Cholesteryl esters display polymorphism organizing in several types of 
liquid crystalline states besides the solid and liquid states. In the solid state 
they can be arranged in three basic types of structures: bilayer, monolayer 
type II and monolayer type I. 
 
Figure 1.16. - Solid state organization of cholesteryl myristate illustrating the bilayer 
arrangement. Adapted from ref. 84.  
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For example, cholesteryl myristate in the solid state forms bilayers84, Figure 
1.16. An almost regular packing of alkanoate chains, with a recognizable 
subcell structure is observed at the center of the bilayer. The cholesteryl rings 
are parallel closely packed, with projecting cholesteryl tails forming the 
interface region between bilayers.  
 
Figure 1.17. - Solid state organization of cholesteryl oleate, illustrating the monolayer type II 
arrangement. Adapted from ref. 84. 
 
Figure 1.17., represents the solid state structure of cholesteryl oleate, 
organized in a monolayer type II. In this structure molecules are antiparallel, 
with long axes severely tilted (~30º) with respect to the layer planes. At the 
center of the monolayer there is efficient packing of cholesteryl ring systems 
that result from cholesteryl/cholesteryl interactions. These interactions are very 
important in this type of organization. The ester chains are not very well 
packed, and can present thermal motion. 
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Figure 1.18. - Solid state organization of a cholesteryl nonanoate, illustrating the monolayer type 
I arrangement. Adapted from ref. 84.  
 
Cholesteryl nonanoate, cholesteryl decanoate and laurate may also be 
arranged in monolayers type I, Figure 1.18. Each tetracyclic system is almost 
perpendicular to the next. However, this form of organization is less stable 
than the previously shown monolayer type II. 
With increasing temperature, some cholesteryl esters melt to preliminary liquid 
crystalline states that subsequently originate the liquid isotropic state. These 
liquid crystalline states are stable. In other esters, the liquid crystalline 
organizations can only be observed during cooling of the melted state. In this 
case, the liquid crystalline phases are metastable. 
In the liquid crystalline state cholesteryl esters may adopt either the smectic or 
the cholesteric structure, a type of arrangement that was first observed with 
cholesteryl esters. The smectic state (Figure 1.19.), has long range order in 
the direction of the long axis of the molecule, and the molecules are arranged 
in layers. In the cholesteric state, the molecules are organized in layers, but 
within each layer, the long axis of the molecules is parallel to the plane of the 
layers. In each adjacent layer, the direction of molecular orientation rotates 
slightly with respect to the previous layer, forming a helical pattern, refer to 
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Figure 1.19. These liquid crystalline arrangements are observed in other 
molecular classes and acquired relevance in technological applications. 
               
 
Figure 1.19. - Schematic arrangement of smectic and cholesteric states.  Left side – several 
examples (a-e) of smectic phases, right side– cholesteric phase. Adapted from ref. 84. 
 
Cholesteryl oleate structure and thermotropic phase-behavior 
 
In the work contained in this thesis, refer to chapter 4, cholesteryl oleate 
(ChO), was used as the model CE. This ester was elected, because it 
corresponds to the most abundant cholesteryl ester found in SC33. 
In the solid state, cholesteryl oleate is organized in monolayer type II90 and 
when the temperature is increased, a transition to a isotropic liquid is observed 
at 51 ºC91. Cooling the isotropic liquid, originates the cholesteric state at 47.5 
ºC and with further cooling, the smectic state is obtained at 41 ºC. The liquid 
crystalline states of cholesteryl oleate are metastable, and can only be 
obtained from an undercooled melt. The original solid monolayer type II 
arrangement can be obtained from the isotropic liquid or from one of the liquid 
crystalline metastable states (for a more detailed description please see 
Chapter 4). 
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In the literature concerning this particular ester, X-ray data relative to the long 
spacing reports d = 1.88 nm for the solid monolayer type II crystal, and d = 
3.60 nm for the smectic state90.  
 
 
Solubility of cholesteryl esters in amphiphilic lipids 
 
The solubility of CEs in phosphatidylcholine bilayers is very low, only occurring 
in the liquid crystalline state92, and in the presence of cholesterol this solubility 
is further reduced93. In sphingomyelin bilayers, the solubility of cholesteryl 
esters is also very low, and decreases by an order of magnitude, less than 0.1 
mol % in the presence of 50 mol % cholesterol94. This behaviour contrasts 
markedly with Ch, which is able to incorporate in lipid bilayers up to 2:1 molar 
ratio.   
The residual miscibility of CEs in the amphiphilic lipids studied, does not 
exclude the evaluation of their solubility in CER containing mixtures. In fact, 
there are reports in the literature of high miscibility of CEs in monomolecular 
films of a phosphatidylcholine95.  
The studies presented in the thesis involve the use of experimental techniques 
that are shortly described in the next sections. 
 
 
1.11. Powder pattern X-ray diffraction of lipid-water systems 
 
The first scientists that applied powder pattern X-ray diffraction systematically 
to obtain structural information for lipid-water systems were Luzzati and 
colleagues96, mostly in the 60s. 
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Hydrated lipid systems, produce a diffraction pattern characterized by several 
Bragg diffractions at small angles, together with a set of reflections in the wide 
angle region. These diffraction data, although not permitting a precise atomic 
level structural characterization, provide important structural information. 
The reflections observed at small angles, in our set-up ranging from 0.1 to 
0.390 nm-1, permit the deduction of the type of long range organization of the 
lipid aggregate. These reflections are attempted to fit to several equations, and 
the symmetry of the phase, whether lamellar, hexagonal or cubic among 
others is derived. Subsequently, from the parameters of the equation that fitted 
the data, the dimensions of the lattice are obtained such as for example the 
lamellar repeat distance in lipid bilayers. The wide angle reflections, in our set-
up ranging from 1.78 to 3.05 nm-1, provide information about the acyl chain 
packing mode (refer to section 1.5). In lipid bilayers in the Lα state, a single 
broad reflection at 4.5 Å is observed. This reflection indicates a hexagonal 
lattice. When a single sharp reflection located at 4.2 Å is detected, the bilayer 
is in the Lβ state, with acyl chains packed in a hexagonal lattice with a 
comparatively smaller inter-chain distance. For the LC bilayers several 
reflections are observed, the number and pattern being determined by the 
crystalline structure. It is important to refer that for bilayers in the rigid states Lβ 
and Lc, the area per head-group can also be derived from this wide angle 
lattice. 
Synchrotron radiation provides an X-ray source with high intensity, when 
compared with conventional X-ray sources. As a result, appropriate quality 
diffraction patterns can be obtained with reduced exposure times as short as 
milliseconds. Several diffraction patterns can be obtained along increasing 
temperatures, as in the example in Figure 1.20. 
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Figure 1.20. - Assembly of successive powder pattern X-ray diffraction profiles along increasing 
temperatures. The diffraction patterns were obtained at small angles, panel A, and wide angles, 
panel B, every two minutes, along increasing temperatures at a rate of 1 ºC/min, for a sample 
composed of C16-Cer:Ch:PalmiticAcid 44:38:18 molar ratio in excess water at pH = 4.0.  
 
In the setup used in our studies, at the Soft Condensed Matter beamline A2 of 
Hasylab, it is still possible to simultaneously detect the small and the wide 
angle regions, which in the case of samples of amphiphilic lipids, is essential 
for both the determination of the type of long range organization of the lipid 
aggregate and the correspondent acyl chain packing.  
 
1.12. 13C-magic angle spinning-nuclear magnetic resonance 
applied to lipid bilayers 
 
Probing cholesteryl ester environment 
13C NMR can be applied to answer a question as how cholesteryl ester, 
molecules are positioned in the lipid bilayer, either interdigitated parallel to the 
chains of the phospholipids in a folded conformation, or in the center of the 
bilayer97. 
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If CEs molecules are positioned in the bilayers exposing the carbonyl group to 
water, the folded interdigitated parallel hypothesis, the formation of hydrogen 
bonds with water at the surface of the bilayer, would result in a downfield shift 
of the 13C carbonyl resonance peak. In this manner 13C NMR can be used as a 
direct method to study the localization of carbonyl containing lipids in bilayers, 
taking advantage of a chemical shift change originated by a different 
surrounding environment. The localization of CEs in two different 
environments, one inserted and other coexisting outside the bilayer can be 
observed by the detection of two distinct 13C carbonyl peaks in the spectra, 
refer to Figure 1.21., at different positions97. 
 
Figure 1.21. - 
13
C MAS NMR spectra (carbonyl region) of phosphatidylcholine bilayers with 1% 
13
C carbonyl cholesteryl oleate (ChO). The peaks at 171.85 ppm and 171.48 ppm correspond 
respectively to ChO inserted in the bilayer and coexisting segregated in oily drops. Adapted from 
ref. 98. 
 
Simple 13C NMR experiments can only be performed in sonicated lipid 
dispersions, which due to the ultrasound treatment contain only small 
unilamellar vesicles, SUVs. The size of these liposomes is in the nanometer 
range, which results in membranes with high curvature. Due to the small size 
of the vesicles, these samples give conventional NMR spectra with adequate 
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resolution. Nevertheless, this imposes a limitation to the type of lipid mixtures 
able to be studied, narrowing its scope to high curvature lipid membranes. This 
might not be appropriate for certain purposes. In fact, a high curvature 
imposes a different acyl chain packing as compared with the nearly flat 
biologic lipid membranes. Solid state NMR provides high resolution spectra of 
turbid lipid dispersions98. The study of lipid dispersions of all types is made 
possible, including multilamellar lipid bilayers, MLVs, the nearly flat bilayers 
formed spontaneously by amphiphilic lipids. It is also possible to study 
mixtures of CER, cholesterol and fatty acid, with or without cholesteryl oleate, 
which are composed of solid lumps floating in the buffer.  
 
Solid State NMR techniques 
The conventional NMR spectra of solid samples display very broad featureless 
lines. This effect has its origin mainly in dipole-dipole interactions and chemical 
shift anisotropy99. These phenomena are also present in liquid samples, but as 
the molecules are tumbling rapidly, those directional effects average to zero. 
High resolution spectra in solid samples can be obtained, by associating 
several techniques, including a variety of radiofrequency irradiation patterns 
and magic angle spinning (MAS). 
Decoupling procedures are applied to minimized dipole-dipole interactions. 
Continuous irradiation of one nucleus effectively decouples it from the other. 
Following this treatment the NMR spectrum still present broadening, which is 
caused by chemical shift anisotropy.  
It can be deducted mathematically, that, if during the course of an NMR 
experiment, a sample is put to spin, and bended at the specific precise angle 
of 54.7º, the so called magic angle, the chemical shift anisotropy of the signals 
is eliminated. The result of this procedure is a substantial enhancement of 
spectral resolution. 
Another radio-frequency pulse sequence frequently used in solid-state NMR is 
Cross-polarization, CP100, a technique developed by Alex Pines in 1973101, in 
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which the repeatedly transference of polarization from a more abundant 
species, generally protons, to the less abundant nuclei is performed. In this 
manner, the sensitivity problem associated with solid state NMR, which 
becomes more critical for natural abundance 13C NMR can be overcome.  
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2. Phase behavior of aqueous dispersions of mixtures of 
N-palmitoyl ceramide and cholesterol: a lipid system with 
ceramide-cholesterol crystalline lamellar phases 
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Palmitoyl ceramide and cholesterol: a lipid system with ceramide-
cholesterol crystalline lamellar phases. J. Phys. Chem. B, 113, 1367-
1375.  
 
 
 
Chapter 2 
62 
 
 
2.1. Abstract 
Ceramides are particularly abundant in the stratum corneum lipid matrix, 
where they determine its unusual mesostructure, are involved in the lateral 
segregation of lipid domains in biological cell membranes, and are also known 
to act as signaling agents in cells. The importance attributed to ceramides in 
several biological processes has heightened in recent years, demanding a 
better understanding of their interaction with other membrane components, 
namely cholesterol. Structural data concerning pure ceramides in water are 
relatively scarce and this is even more the case for mixtures of ceramides with 
other lipids commonly associated with them in biological systems. We have 
derived the thermotropic binary phase diagram of mixtures of N-palmitoyl-D-
erythro-sphingosine, C16:0-ceramide, and cholesterol in excess water, using 
differential scanning calorimetry and small and wide angle X-ray diffraction. 
These mixtures are self-organized in lamellar mesostructures that, between 
other particularities, show two ceramide: cholesterol crystalline phases with 
molar proportions that approach 2:3 and 1:3. The 2:3 phase crystallizes in a 
tetragonal arrangement with a lamellar repeat distance of 3.50 nm, which 
indicates an unusual lipid stacking, probably unilamellar. The uncommon 
mesostructures formed by ceramides with cholesterol should be considered in 
the rationalization of their singular structural role in biological systems. 
 
2.2. Introduction 
Biological membranes are self-associations of amphipathic bilayer-forming 
lipids, and their physical-chemical properties reflect the characteristics of these 
lipids in interaction with other components, such as cholesterol and proteins. 
Ceramides, present in many membranes, are well documented as having a 
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biochemical role as signal transducers in cell differentiation and apoptosis1,2. 
They have not been considered “structuring lipids” of the cell membranes, a 
role that is commonly associated with lipids such as cholines, ethanolamines, 
sphingomyelin, etc. Recently, ceramides have been found to assist the 
formation of intermediate non-lamellar phases3,4, to interact with cholesterol 
and sphingomyelin and modify the stability and composition of liquid ordered 
domains5-8, and to induce protein aggregation9. Some authors also claim to 
have found ceramide-rich rigid domains not only in model membranes of 
cholines containing ceramides but also in cells10,11. If confirmed, this is an 
unforeseen discovery, because rigid domains were believed to be absent from 
cell membranes. Such domains can only arise because of the particularities of 
the interactions of ceramides between them and with other lipids. It stands to 
reason that the unusual biophysical properties of ceramides, alone and in 
interaction with other membrane components, are currently attracting much 
attention. 
Over the last few decades, ceramides were mainly studied in the context of the 
only biological tissue where they were well known to be structural ingredients: 
the lipid matrix of the stratum corneum (SC), the uppermost layer of the skin of 
mammals. Its main components are ceramides (ca. 47 weight %), cholesterol 
(ca. 24 weight %) and saturated fatty acids (ca. 11 weight %)12. The SC lipids 
self-organize in lamellar structures with the remarkable thickness of ca. 13 nm, 
but the details of the molecular organization of the above-mentioned lipids in 
these lamellae is still unknown. There are many works dealing with these, or 
related, lipid mixtures, but most of them use complex lipid blends, and focus, 
not on the lipids themselves, but in replicating/explaining the properties of the 
SC13. 
Despite the recent increased interest in ceramides, the physical-chemical 
properties of mixtures involving ceramides have not been the object of 
systematic studies similar to those existing for ubiquitous lipids, such as 
cholines. However, ceramide-containing mixtures form lipid aggregates with 
unique structural properties14,15 that deserve a more systematic approach. 
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In this work, we study the thermotropism of mixtures of N-palmitoyl-D-erythro-
sphingosine (C16-Cer) with cholesterol (Ch) in excess water at low ionic 
strength (100 mM). From differential scanning calorimetry (DSC) we obtain the 
enthalpically active transitions and the plausible phase boundaries; these 
boundaries are subsequently checked, and the phases structurally 
characterized, by simultaneous small and wide angle X-ray scatter (SAXS and 
WAXS) as a function of temperature. Our work aims a better understanding of 
the interaction between ceramides and cholesterol, a key interaction for the 
properties of the lipid matrix of SC and for the perturbation/induction of the 
formation of liquid ordered or rigid domains. 
A highly relevant and exhaustive study of synthetic C16-Cer was presented by 
Shah et al.16, who examined its thermotropism and structure by DSC, SAXS 
and WAXS in the presence and absence of water. Fourier transform infrared 
(FTIR) has been used for accessing the short-range structure and the 
dynamics of C16-Cer in aggregates17-19. Comparison of the dependence of the 
chain dynamics and thermotropic properties of C14-Cer, C16-Cer, C18-Cer 
and C20-Cer using FTIR show little dependence on chain length, at least much 
weaker than that in equivalent cholines18; however, our preliminary results with 
C24:0-ceramide:Ch reveal a phase behavior very different from that of C16:0. 
Most other works with synthetic ceramides use -hydroxylated derivatives, 
phytosphingosine derivatives, and since the H-bond network will be different, 
the results are not directly comparable with ours. Another approach to the self-
organization of ceramides, pure or in mixtures with other lipids, is the study of 
the characteristics of the monolayers formed at the air/water interface20-22. Of 
particular relevance for our work are the results of Scheffer et al.22 concerning 
Langmuir monolayers of mixtures of ceramide C16 with cholesterol, in 
concentrations that range from pure cholesterol to pure ceramide. 
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2.3. Materials and methods 
 
Reagents 
Synthetic (2S, 3R, 4E)-2-hexadecanoylaminooctadec-4-ene-1,3-diol and egg 
ceramide, 84% C16, were obtained from Avanti Polar Lipids, stearic acid from 
BDH, and cholesterol from Sigma; benzene is from Panreac and methanol 
from Merck, both HPLC grade; boric acid, potassium chloride, 
etylenediaminetetracetic acid, EDTA, and sodium hydroxide were from Riedel-
de Haën. All chemicals were used without further purification with the 
exception of Ch, which was recrystallized from methanol. Water used for buffer 
preparation was double distilled and further purified with an Elgastat UHQ-PS 
system. Borate buffer was prepared by adding NaOH 1 M to a solution 30 mM 
in boric acid, 70 mM in NaCl and 0.2 mM in EDTA until pH = 9.0 was reached. 
 
 
Preparation of lipid dispersions 
It is known that lipid mixtures containing high relative percentage of cholesterol 
are prone to lipid demixing during organic solvent removal23. To avoid lipid 
separation, the organic solvent in which the lipids are dissolved was removed 
by freeze-drying. The subsequent hydration was done at a temperature above 
the main transition temperature of C16-Cer (93 ºC). In the course of the work 
with ceramide containing systems, we have found that if there is lipid demixing 
in the preparation step it is impossible to induce homogenization by posterior 
annealing. The protocol used proved to give reliable and reproducible 
samples. 
Procedure: Adequate amounts of lipid stock solutions of each lipid in 
benzene:methanol, 7:3 (v:v), were mixed in the intended proportions and 
allowed to stand for 30 minutes at room temperature with occasional vortexing. 
The system was subsequently frozen to –20 ºC and left at this temperature for 
at least 2 hours, after which it was freeze-dried. To the resulting powder, 
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borate buffer (pH = 9) at 98 º C was rapidly added under vortexing such that a 
dispersion 10 mM in total lipid was obtained. The suspension was maintained 
for 30 min at 98 ºC to allow for complete hydration. The same protocol was 
used for all the preparations. 
Due to the high temperatures and pH used in the experiments, the possibility 
of decomposition or hydrolysis of the ceramide was a matter of concern. Thin 
layer chromatography (TLC) performed after DSC did not reveal additional 
spots. It must be added that there is no justification for the use of pH 9.0 in this 
study. We opted for this high pH because a related work required the use of 
high pH; however, as expected, no differences in the X-ray diffractograms 
were observed between samples of C16-Cer:Ch measured at pH 4, 7 or 9. In 
fact, the interfaces lipid water are not charged and the amide group is not 
susceptible to change the protonation state in this pH range. 
 
 
Differential scanning calorimetry 
As recognized by several authors16,17,24-26 systems containing ceramides are 
prone to be trapped into metastable states upon cooling. This is evidenced by 
the observation of exothermic events prior to the main transition in subsequent 
heating runs. The method we found to be safe to avoid non-equilibrated 
systems, consisted in rejecting the first scan done at 1 ºC/min until 98 ºC, 
where C16-Cer is fluid, cool the sample at the rate of 1 ºC/min or slower, and 
only consider the second and/or subsequent heating scans. Alternatively, the 
samples were heated and cooled in a computer-controlled cryostat following 
exactly the protocol described for the first heating and cooling runs in the 
microcalorimeter chamber, and then transferred to the calorimeter chamber. 
The heating thermograms obtained after this annealing protocol do not show 
the exotherm observed for out-of-equilibrium systems. The thermograms were 
obtained at a lipid concentration of 10 mM, and with a heating rate of 1 ºC/min, 
unless otherwise stated in the text, and subsequently cooled back to 15 ºC at 
the same speed in a calorimeter VP-DSC from MicroCal, Northampton, MA. 
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X-Ray diffraction 
SAXS and WAXS data were collected simultaneously at the synchrotron 
radiation X-ray scattering facility on the Soft Condensed Matter beamline A2 of 
HASYLAB at the storage ring DORIS III of the Deutsches Elektronen 
Synchrotron (DESY), using a setup previously described27. The samples were 
prepared as for DSC, except that the 4.0 micromole of lipid were hydrated with 
only 0.3 ml of buffer. After the hydration step, the lipid and part of the buffer in 
suspension were transferred to glass capillary tubes with 1.0 mm diameter and 
0.01 mm wall, Markröhrchen, Germany, subsequently closed and the samples 
annealed in a cryostat as previously explained. The more convenient 
alternative of inserting the lyophilized lipids in the capillary and adding buffer 
above the Tm of C16-Cer was tried, but the resulting samples were not 
macroscopically uniform. For each composition, three samples were prepared 
independently, two sets of data were collected for each sample, and the 
sample was submitted to a new complete annealing cycle between 
measurements. The C16-Cer:Ch suspensions consist of relatively rigid 
granules differing in physical appearance, raising the possibility of differences 
in composition. When in doubt about the uniformity of the sample in the 
capillary, different regions of the sample were examined, but identical 
diffractograms were obtained in all cases. 
The temperature of the samples in the sample holder was continuously raised 
from 20 to 98 ºC at 1.0 ºC/min, maintained at the maximum for 4 min and 
some samples were then cooled to the lowest temperature at the same scan 
rate. Every 120 s (equivalent to 2 ºC), a local shutter, normally closed to 
protect the sample, was opened for 20 s, the interval during which SAXS and 
WAXS data were continuously acquired. The actual temperature of the sample 
holder at the beginning of each data collection was registered together with the 
data. 
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Positions of the observed peaks were converted into distances, d, or s = 1/d, 
after calibration using standards with well-defined scattering patterns. Rat tail 
tendon and tripalmitin were used to calibrate the SAXS and WAXS regions, 
respectively. The background scatter of identical capillary tubes with buffer 
was subtracted from all diffractograms. The evaluated error in s is relatively 
constant for each of the regions considered. In the range from 0.10 until 0.39 
nm-1, SAXS, it is of ± 0.001 nm-1 and for the region of 1.78 nm-1 < s < 3.05 nm-1 
where the WAXS was measured it is of ± 0.005 nm-1. 
 
 
 
2.4. Results 
 
Thermal studies 
The heating thermograms obtained by DSC of aqueous dispersions of C16-
Cer:Ch with concentrations ranging from 0:1, pure Ch, to 1:0, pure C16-Cer, 
are presented in Figure 2.1. a. 
The cooling scans at 1 ºC/min present also a single exothermic event but with 
a large hysteresis, denoting the slow kinetics of the structural arrangement of 
the system (data not shown). No significant differences were observed for 
heating or cooling scans as slow as 0.1 ºC/min, leading us to conclude that at 
1 ºC/min the system evolves in equilibrium. However, along the heating 
subsequent to a cooling scan at a rate of about 6.5 ºC/min a strong and broad 
exotherm beginning at around 60 ºC is observed (data not shown). We verified 
that this behavior, previously reported in the mentioned work of Shah et al., is 
due to the system being retained in a metastable structure, and is common to 
many pure ceramides and lipid mixtures involving ceramides. 
 
 
 
Phase behavior of N-palmitoyl ceramide and cholesterol 
69 
 
 
Fig. 2.1. – a: DSC traces of mixtures C16-Cer:Ch ranging from 5 to 100 mol % Ch. Only the 
lower portion of the plot is presented to better evaluate the transitions detected, and the traces 
have been vertically shifted for clarity. In the insert, a complete DSC trace for pure C16-Cer 
compared with that of 5 mol % Ch. b: Plot of the transitions obtained by DSC for the several 
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mixtures analyzed. In the diagram, the larger circles represent well-defined peaks while the 
smaller ones are placed at the temperatures where small peaks or shoulders appear. The 
vertical lines represent regions where endothermic events are observed, black lines for the 
stronger endotherms. The two upper transitions of Ch are from the literature, since our 
thermograms finish at the temperature indicated by the dotted line. 
 
In the mixtures of C16-Cer and Ch several peaks and shoulders are observed 
in the thermograms, Figure 2.1. a. In the absence of further information about 
the meaning of these thermotropic events we present a first tentative phase 
diagram in Figure 2.1. b where the lines are derived from the beginning and 
end of the observed endotherms. In the same figure, the various apexes and 
shoulders are indicated, their meaning to be clarified after the X-ray 
experiments. From the DSC data it seems evident that for more than 70 mol% 
Ch a transition is present at about 32 ºC, and it may extend until ca. 57 ºC. The 
transition, or transitions, of the mixtures containing less than 50% Ch extend 
from about 45 to 85 ºC. For the mixtures with low Ch content we also observe 
a small peak at high temperature, appearing as a shoulder of the main 
endotherm or as a well-defined peak with Tm = 93 ºC for the sample with 20 
mol % Ch. This may result from the interaction of fluid C16-Cer with Ch in 
states not present in the temperature range of our study. 
In the pure cholesterol thermogram, the endotherm at 37 ºC in the heating run, 
Figure 2.1. a, corresponds to the transition between the two polymorphic forms 
of anhydrous cholesterol28,29. 
 
X-ray diffraction studies 
To characterize the structure of the several thermotropic transitions of the 
phases observed by DSC, C16-Cer:Ch mixtures with relative molar 
compositions of 100:0, 95:5, 80:20, 54:46, 45:55, 35:65, 30:70, 20:80, 10:90 
and 0:100, were investigated by SAXS and WAXS. In these studies, only the 
synthetic ceramide was used. The plots of the SAXS and WAXS regions for 
three key mixtures as a function of temperature are presented in Figure 2.2. 
and a synopsis of the data presented in Table 2.1 
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Figure 2.2. - WAXS and SAXS measured simultaneously as a function of temperature in steps 
of 2 ºC for the mixtures: 55 mol % Ch A and B, 65 mol % Ch C and D, 80 mol % Ch E and F. All 
diffractograms are from heating scans obtained at a rate of 1 ºC/min. 
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Table 2.1. - Characteristic X-ray diffraction peaks in values of s (nm
-1
), for the several phases 
identified in the text for the relevant temperatures within the range of existence. 
 
  
C16-Cer 
 
C16-Cer:Ch 
(ca. 2:3) 
 
C16-Cer:Ch 
(ca. 1:3) 
 
Ch 
 
 
Crystalline 
phases 
 
LC1 
 
LC2 
 
LC4 
 
Chm 
 
ChaI & II 
 
22 ºC 
 
0.224 
2.38, 2.41, 
2.46, 2.55 
 
0.283 
1.83, 2.02, 
2.21 
 
0.236 
2.3-2.6  
 
0.288 
1.84, 2.56, 
2.61 
 
0.289 
1.82, 1.91, 
1.96, 2.04 
40 ºC     0.287 
1.82, 1.85, 
1.90,1.95, 
1.99 
 
Fluid 
phases 
 
Lα1 
  
 
82 ºC 
 
0.292 
    
88 ºC 0.247 – 0.251   
 
 
 
Mixtures from pure C16-Cer to pure Ch below 30 ºC 
 
In Figure 2.3. the small and wide-angle diffractograms of several mixtures at 
22 ºC are presented side by side. 
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Figure 2.3. - SAXS (left) and WAXS (right) at 22 ºC for several measured C16-Cer:Ch mixtures 
ranging from pure C16-Cer to pure Ch. Also shown the WAXS of the ChaII polymorph of Ch at  
88 ºC. 
 
The small angle region of the diffractogram of pure C16-Cer in excess water 
displays a single strong diffraction at s = 0.224 nm 1. At this temperature, the 
wide-angle region is dominated by several intense diffractions, at 2.38, 2.41, 
2.46 and 2.55 nm-1, and other much less intense peaks at 2.19, 2.62, 2.65 and 
2.70 nm-1. Upon addition of 5 to 55 mol % Ch, a new peak appears in the small 
angle region, with reflection at 3.50 nm (s = 0.283 nm 1) which is accompanied 
by three very intense and sharp diffractions at 1.83, 2.02, 2.21 nm-1 that 
appear and disappear always in consonance with the small-angle signal. In 
this range, the only apparent change in the SAXS with the variation of Ch 
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concentration is an increase, concomitant with the rise of the Ch content, in the 
intensity of the 0.283 nm 1 peak relative to that at s = 0.224 nm 1. This 
diffraction is not far from that characteristic of free Ch but in no way can it be 
attributed to unmixed Ch due to the absence of the Ch peaks in the wide-angle 
region. In fact, in one of the 45:55 samples non-mixed Ch was present; here a 
typical SAXS band of Ch monohydrate together with the Ch WAXS pattern 
coexists with the new phase, confirming that it is distinct from Ch. The phase 
that gives origin to this SAXS/WAXS pattern will hereafter be designed as the 
LC2 phase. Not noticeable in the drawings, due to the difference of intensities, 
a broad diffraction centered at 0.230 nm-1 smears the base of the very sharp 
and intense SAXS peak of C16-Cer in this range of compositions. This wide 
band is present in only some samples, and in those where it appears a 
corresponding WAXS signal is not discernible; as we will see later, it seems to 
arise from a contamination of phases found at higher Ch concentrations. 
Small gradual changes in the ceramide lamellar repeat spacing are observed 
with the addition of Ch, eg. 0.220 nm 1 for the mixtures with 20 mol% Ch 
content and a return to the original 0.224 nm-1 for the 45:55 C16-Cer: Ch 
composition (compare in Figure 3 the traces for 100, 95, 80 and 54 mol% C16-
Cer). This points towards the existence of a residual solubility of Ch in the 
ceramide main phase. The phase giving rise to these diffractions is pure, or 
almost pure, C16-Cer, and will hereafter be called the LC1 phase. 
For the samples with 45 and 55 mol % Ch, the 1.83, 2.02, 2.21 nm 1 
diffractions are prevalent in WAXS, but the original s = 0.224 nm-1 C16-Cer 
phase diffraction is still present, and the position and relative intensity of the 
peaks is maintained along the entire range of concentrations. The only change 
observed is a decrease in the WAXS diffraction intensity concomitant with that 
of the 0.224 nm-1 LC1 peak in the SAXS. 
For 65 and 70 mol % Ch the LC2 phase diffractions remain strong in WAXS as 
well as in SAXS (peak at s = 0.283 nm 1). However, a new set of wide-angle 
peaks appear in the same region as that of C16-Cer, but with a clearly different 
pattern from that of C16-Cer. This new set replaces the diffractions of the LC1 
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phase observed for lower concentrations. The WAXS signal also contains a 
new group of lines at 1.99, 2.06 and 2.11 nm 1 difficult to discriminate from 
those of phase LC2 and Ch. In the SAXS region the signal of the LC1 phase is 
no longer visible, and besides the already mentioned LC2 sharp diffraction at 
0.283 nm-1, a broad peak at 0.230 nm-1  and/or a sharp one at 0.236 nm-1  
appears. Both are thermally connected to the new C16-Cer-like diffraction 
appearing in the WAXS, and define another phase, apparently lamellar, here 
named LC4. In one sample where the broad 0.230 nm
1 band exists at 22 ºC, 
unaccompanied by the 0.236 nm 1 peak, the wide-angle signal due to the LC4 
phase is strong and well defined. In this sample, above 44 ºC the broad band 
converts into the typical 0.236 nm-1  peak without change in the WAXS. We 
conclude that the broad band is the LC4 phase. This band seems to coincide 
with the already mentioned weak signal, masked by the LC1 phase peak, 
sometimes appearing at low Ch content. 
For the C16-Cer:Ch composition 10:90 mol ratio, the WAXS signal is 
essentially that of Ch monohydrate (see below). Besides Ch monohydrate, 
here named phase Chm, phase LC4 is also detectable in both SAXS and 
WAXS, as evidenced by a weak 0.230 nm 1, band that at higher temperature 
transforms into a small peak at 0.236 nm 1 and peaks at 1.99, 2.06 and 2.11 
nm-1. The results from the sample with 80 mol % Ch are identical, but the 
relative intensity of the SAXS diffraction of pure Ch is much smaller (trace not 
shown in Figure 3). 
For 100% Ch at 22 ºC we have obtained the SAXS and WAXS signals 
characteristic of monohydrate cholesterol, Chm, at 1.84, 2.56 and 2.61 nm
1, 
as expected for samples that were left for more than 24h at room temperature 
in excess water28. 
 
 
Thermotropic behavior of pure C16-Cer 
The variation of the diffractograms of pure C16-Cer between 20 and 98 ºC is 
presented in Figure 2.4.: heating in panels A and B, and cooling in C and D. 
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Figure 2.4. - Plots of the SAXS and WAXS of the sample of pure C16-Cer as a function of 
temperature (only the region of interest of the WAXS is shown), where consecutive 
diffractograms are spaced by 2 ºC. Panels A and B refer to the heating and C and D to the 
cooling scans. 
 
In the small angle region, panel A, the single diffraction peak at s = 0.224 nm 1 
(4.46 nm) remains constant with the increase of temperature. At 92 ºC the 
intensity of this signal begins to decrease approaching zero at 98 ºC. 
Simultaneously a new very broad band develops centered at 0.317 nm-1 (3.15 
nm). On the WAXS side, panel B, the evolution of the signal with temperature 
is complex, and somewhat similar to what has been previously described as a 
Y shape pattern30. After complete melting, 98 ºC, only a broad diffraction 
 
 
Phase behavior of N-palmitoyl ceramide and cholesterol 
77 
 
remains, centered at 2.2 nm 1 (0.45 nm) typical of stacked melted aliphatic 
hydrocarbon chains. 
The diffractograms obtained during the cooling of C16-Cer at 1 ºC/min show 
the large hysteresis already observed and commented upon in the DSC 
section. Crystal formation only begins with a temperature lag of ca. 14 ºC, 
never attaining the well-resolved WAXS of the samples kept for several days 
at room temperature or below. What is very particular is that in the small angle 
the broad band of the melted sample centered at 0.317 nm-1 (3.15 nm) slowly 
shifts towards smaller s values until it converts into a sharp signal at 0.292 
nm 1 (3.42 nm) at 82 ºC. This diffraction was not observed in the heating run, 
where the 0.224 nm 1 (4.46 nm) peak directly converts in the broad at 0.317 
nm-1 band. This diffraction is not accompanied by an observable change of the 
WAXS diffraction, which maintains the appearance characteristic of melted 
chains, nor by a thermal event observable in DSC. 
 
Thermotropic behavior of pure cholesterol 
For pure Ch we obtained the well known dependence of the crystalline forms 
on the recent thermal history of the sample28,31. In the samples left at low 
temperature for more than 24 h, Ch starts as monohydrate, phase Chm, with 
diffractions in the wide-angle region at 1.84, 2.56 and 2.61 nm 1. Above 86 ºC 
these diffractions disappear and are replaced by Bragg reflections at 1.85, 
1.86, 1.90 and 2.00 nm-1, characteristic of anhydrous Ch in the polymorph II. In 
samples measured immediately after annealing above the temperature 
required for monohydrate to anhydrous transition, the 0.54 nm Bragg reflection 
(1.85 nm-1) appears only at 36 ºC, the temperature at which the polymorph I 
converts into polymorph II28,31. The two polymorphs of anhydrous Ch are 
named hereafter ChaI and ChaII. There is no large difference in the (001) 
spacing between the several forms of Ch, always appearing at ca. 0.288 nm 1, 
but a small variation of peak shape and relative intensity is observed for the 
transition from ChaI to ChaII at 36-38 ºC simultaneous with the appearance of 
the 1.85 nm-1 peak. 
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Thermotropic behavior of samples with 5, 20, 46 and 55 mol % 
cholesterol 
The qualitative behavior of all these samples is identical in both SAXS and 
WAXS. From 20 ºC upwards the diffraction pattern described for low 
temperature is maintained until 62 ºC. Beyond this temperature the LC2 phase 
disappears within 2-4 degrees, and at still higher temperatures the LC1 phase 
coexists with a new sharp diffraction at 0.247 nm-1, together with a broad band 
with maximum at 2.1 nm-1. The growth of this diffraction is accompanied by the 
disappearance of the 0.224 nm 1 peak and the corresponding WAXS signal 
with the formation of the characteristic broad band of melted lipid chains, 
features indicating a fluid lipid bilayer, phase Lα1. In the low temperature range 
both LC1 and LC2 phases maintain their diffraction characteristics, indicative of 
a constant composition. Above 62 ºC the diffraction signal of the Lα1 phase 
drifts towards larger spacing because of the change in composition, and once 
the LC1 phase completely disappears, the Lα1 phase contracts, as usually 
observed with regular bilayers. The only oddity that conflicts with this simple 
scenario is the appearance, a few degrees below and above 62 ºC, of free Ch 
in most but not in all the samples. 
Above a given temperature—90 ºC for the 46 mol % Ch and 86 ºC for the 55 
mol % Ch—the only phase present is Lα1. At 94 ºC a new Bragg reflection 
appears at 0.275 nm 1 in the sample with 46 mol% Ch. Above this temperature 
and until the maximum observed, 98 ºC, the Lα1 phase coexists with this new 
fluid lamellar phase, data not shown. This transformation must correspond to 
the small endotherm observed in DSC above the main transition. 
 
Thermotropic behavior of samples with 65 and 70 mol % cholesterol 
These two samples have essentially the same diffraction patterns and no 
residue of the ceramide LC1 phase is left at these concentrations. In Figure 2.2 
C and D the typical temperature evolution of the SAXS and WAXS of these 
mixtures is presented. Below 50 ºC the pattern is constant, with the presence 
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of only LC2 and LC4 phases. In many samples the diffraction of the LC4 phase in 
SAXS is broad, centered at 0.230 nm 1. At 52 ºC the original LC2 phase 
disappears and only LC4 and Lα1 phases remain. Upon heating, this last phase 
increase in importance at the cost of LC4. For the mixture with 65 mol % Ch the 
two phases are visible until 70 ºC, temperature above which only the Lα1 phase 
is present. For the composition with 70 mol % Ch the LC4 phase disappears at 
64 ºC. 
The above is a rough description of what happens in this concentration and 
temperature range. In fact, some other broad diffractions appear in the small 
angle region with no counterparts in the wide angle. Their presence is sample 
dependent and we have no reason to identify other phases, but we suspect 
that the scenario may be much more complicated than the one described. 
 
 
Thermotropic behavior of samples with 80 and 90 mol % cholesterol 
It has already been said that for these high Ch concentrations, at low 
temperatures the WAXS diffractogram has no residue of either the C16-Cer 
pattern or the LC2 phase, Figure 2.2 E and F. The signal of LC4 phase, small but 
visible in both the SAXS and WAXS, disappears between 58 and 60 ºC with 
the formation of the fluid Lα1 phase for both concentrations. As with the 
samples in the region with 65-70 mol % Ch, we observe a variable contribution 
of the broad 0.23 nm-1 band that converts into the LC4 phase characteristic 
repeat distance with increasing temperature. The maximum of the diffraction of 
the Lα1 phase shifts from 0.247 nm
-1 (4.05 nm) for the ceramide rich 
compositions to larger values with the increase of Ch, attaining, for these C16-
Cer:Ch mol ratios (saturated in Ch?) 0.248 nm 1 (4.39 nm). Ch is present at all 
temperatures but the conversion from monohydrate to anhydrous takes place 
at ca. 74 ºC for the 80:20 mixture and at ca. 78 ºC for the 90:10 composition. 
For the sample richer in Ch the WAXS structure is maintained until 98 ºC, the 
upper temperature reached in these experiments. 
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2.5. Discussion 
 
Pure ceramide and LC1 phase 
 
The single strong diffraction at s = 0.224 nm-1 (repeat spacing d = 4.46 nm) 
observed below Tm for pure ceramide indicates a lamellar phase, a bilayer 
structure, as previously suggested for this16 and other ceramides in excess 
water32-34. At 88 ºC for the egg ceramide, and 93 ºC for C16-Cer, the melting of 
ceramide occurs (for the X-ray studies only the synthetic ceramide was used) 
with the formation of the typical 0.46 nm broad signal in the WAXS region, and 
the formation of a new 2.99 nm very broad reflection, Figure 2.4. The melting 
of the ceramide signal to a very broad SAXS band leaves no doubt that the 
melted ceramide does not maintain the regular lamellar structure even if some 
meso-order still exists. However, upon cooling, this large band gives rise to a 
sharp signal at 0.292 nm-1 with a lamellar repeat distance of 3.42 nm, Figure 
2.4 C. This seems more a fluid structure where ceramides are laterally packed 
with headgroups facing both sides than a juxtaposition of two extended chain 
leaflets. It is not clear, with the available data, if this phase is 
thermodynamically stable or just a more organized form of the fluid above Tm, 
because the nonappearance of the sharp 3.42 nm signal during heating may 
be due to the difficulty in the rearrangement of C16-Cer molecules and 
stacking of layers upon melting. 
Shah et al.16, using also synthetic non-hydroxyl ceramide C16, observe below 
Tm a lamellar phase, with an X-ray repeat distance of d = 4.69 nm and a strong 
broad wide-angle signal at 0.41 nm, interpreted as a metastable state. Upon 
heating the sample, an exothermic event was detected between 50 to 70 ºC, 
after which, a new ceramide lamellar phase considered by those authors as 
the thermodynamically stable phase, with a X-ray repeat distance d = 4.18 nm, 
and several wide angle reflections very similar to the wide angle diffraction 
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pattern of our ceramide phase. Apart from the difference in d, this phase 
coincides with our low temperature ceramide and LC1 phase. However, some 
of our samples show at low temperature a signal at 0.234 nm 1 (4.28 nm) that 
disappears at 62 ºC with a simultaneous increase of the 4.46 nm signal. The 
4.28 nm phase seems to be a metastable phase but with quite different 
characteristics from that referred by previous authors16. 
The enthalpy of the transition determined by us, Hº = 71.9 kJ/mol, is much 
higher than their value, 56.4 kJ/mol, but identical, within the experimental 
uncertainty, to that of Chen et al.18 (74.9 kJ/mol). The S of the transition, 
calculated from the ratio Hº/Tm is 196 J mol
-1  K-1 (155 J mol-1 K-1  Shah et al.) 
is comparable with that published for a Lc  L transition of phospholipids of 
similar chain length, rather than with the S typical of a L  L transition 111 
J mol-1 K-1 35. In fact, our WAXS results indicate that our low temperature 
ceramide phase is a crystalline phase and not a L type phase. Also the FTIR 
data for several ceramides is in all cases coherent with a crystalline 
arrangement in the low temperature range17-19. The value of Hº of transition is 
about twice that of the main transition of C16 saturated phospholipids or 
sphingomyelins, both in the range of 35-40 kJ mol-1 35. This is consistent with 
previous findings that, relative to phosphocholines and sphingomyelins, 
ceramides have smaller and more strongly hydrogen-bonded headgroups; the 
hydrogen bonds are established between the hydroxyl of the sphingosine and 
the amide group of a neighbor25. It may also happen that the main transition is 
from a lamellar to a hexagonal HII phase, as tentatively proposed by Shah et 
al.16; though the proposal is consistent with the large S and Hº, it cannot be 
reconciled with our X-ray data. 
The WAXS of pure ceramide, is compatible with a hexagonal chain packing 
with parameters a = b = 4.87 Å and c = 45.5 Å, and angles  =  = 90º and  = 
120º. Data from grazing incidence X-ray diffraction (GIXD) of Langmuir 
monolayers of pure C16-Cer at low surface pressure were published by 
Scheffer et al.22. They suggest that an orthorhombic and a hexagonal phase 
coexist in the monolayers of pure C16-Cer. The prevailing phase gives origin 
 
 
Chapter 2 
82 
 
to three very broad strong diffractions from which they deduce a 2D 
orthorhombic crystalline structure with a = 5.02 Å, b = 8.17 Å and  = 91.9º, 
almost coincident with that proposed by Vaknin and Kelly20 for monolayers of 
ceramide C18 at low lateral pressure. The two phases may be the equivalent 
of those found by Shah et al.16 for equilibrated and non-equilibrated samples, 
which were never observed in coexistence by us. Using FTIR spectroscopy for 
the analysis of the molecular organization of bovine brain CerIII, Moore et al.17 
propose an orthorhombic perpendicular two-dimensional chain arrangement 
below 60 ºC. With the small number of peaks in our WAXS (only from two 
families (00l) and (10l)) it is difficult to be sure about the structure, and, while 
the hexagonal structure fits our diffraction data, an acceptable fit is also 
possible to an orthorhombic lattice with a = 4.22 Å, b = 3.93 Å and c = 45.5 Å, 
and angles  =  =  = 90º. Based on these structures, the C16-Cer phase is in 
a perpendicular chain arrangement. 
 
Mixtures rich in cholesterol. The LC2 and LC4 phases 
 
From the range of appearance of the LC2 phase, along the ceramide-
cholesterol mixture composition axis, we can conclude that the LC2 phase has 
a defined stoichiometry that lies somewhere between 45:55 and 35:65 mol 
C16-Cer:Ch. Attention should be called to the thickness of the LC2 phase (s = 
0.283 nm-1). Since the lamellar repeating distance (3.50 nm) is too short for a 
bilayer arrangement, it can be attributed to a single layer formed by C16-Cer 
and Ch molecules much in the same way Ch arranges itself. However, a thin 
lamellar structure that was observed in the slow cooling of pure C16-Cer, 
which indicates that C16-Cer is prone to assembling in thin structures with low 
hydration layers not usually found in other bilayer-forming lipids. Supposing 
that the bilayer structure is maintained, the smaller width of the lamellae may 
be a result of chain interdigitation or of some other molecular arrangement 
such that the two leaflets collapse into one single layer. 
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As with the deduction of the C16-Cer structure, the wide-angle information is 
insufficient to permit an unequivocal deduction of the LC2 phase 
crystallography. A good fit is obtained with a tetragonal lattice with a = b = 6.96 
Å and c = 35.6 Å, and angles  =  =  = 90º but the available data do not 
warrant a proposal for the Ch:C16-Cer arrangement.  
It is pertinent to compare our results with the corresponding monolayer data 
obtained by Scheffer et al. using GIXD22; they found for a C16-Cer:Ch molar 
ratio of 60:40 three well-defined diffractions at s = 2.28, 2.36 and 2.57 nm-1, 
and interpreted this in terms of a near-rectangular unit cell with a = 5.18 Å, b = 
7.74 Å and  = 92.2º. While the qualitative similarity between the diffraction 
pattern of our phase LC2 and the one presented by those authors is striking, 
the simulated powder pattern with the given crystal structure turned out to be 
incompatible with our diffraction peaks. The same authors also suggest a 
unique arrangement of Ch and C16-Cer for a composition of 33:67 mol ratio of 
C16-Cer:Ch giving rise to a single very broad diffraction in GIXD that gradually 
converts, with increasing Ch percentage, into a sharp signal at s = 1.75 nm-1 
characteristic of pure Ch monolayers36. There is a remarkable similarity 
between the molar ratio of the two C16-Cer:Ch “crystalline arrangements” 
observed by Scheffer et al. and the compositions of our LC2 and LC4 phases, 
and it is also interesting that those authors found continuous miscibility 
between Ch and C16-Cer at high Ch concentrations. These same authors, 
using atomic force microscopy, do not find clear phase separation for            
40 mol % Ch what is also supported by the observations of other authors37. 
However, the thickness of phase LC2 obtained by us indicates a structure 
difficult to accomplish in a Langmuir film justifying the absence of this phase in 
monolayers. 
From the comparison of the diffractograms (Figure 2.3.), it seems that 
somewhere between 70 and 80 mol % Ch the LC2 phase disappears and the 
pure Ch phase coexists with phase LC4. This LC4 phase is another distinct C16-
Cer:Ch crystalline phase with a stoichiometry that must approach 1:3 (see its 
location in the phase diagram of Figure 2.5.). The diffraction of this phase is 
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quite broad, which probably derives from uneven packing of the layers 
resulting from lateral phase separation, or other reason affecting the regularity 
of thickness. The repeat distance obtained, 4.24 nm, is usual for a bilayer with 
a thin hydration layer. However, it is smaller than that of the LC1 phase what 
may result from a disordered inner region of the membrane or a thinner 
hydration layer, both caused by the large fraction of Ch. The WAXS peaks of 
the LC4 phase are not sufficiently resolved to allow the deduction of a crystal 
structure. 
 
C16-Cer:Ch phase diagram 
 
For the low temperature region, <30 ºC, this system shows four phases with 
definite compositions. Two of them are Ch, as monohydrate, phase Chm, and 
C16-Cer, phase LC1, existing in nearly pure form at the extremes of the phase 
diagram. Besides the pure components there are two ordered rigid phases, 
both stoichiometric compounds of C16-Cer and Ch: one, for which the molar 
proportion ceramide:cholesterol is ca. 2:3, phase LC2, and another, with a 
molar ratio that has been bracketed in the region around 1:3 
ceramide:cholesterol, phase LC4. 
Above ca. 40 mol % C16-Cer the characteristics of the diagram are well 
defined and quite straightforward, typical of a eutectic system. In several, but 
not in all, samples with 5, 20, 46 and 55 mol % Ch, we observed the 
appearance of free cholesterol, a few degrees below and above 62 ºC. It 
seems that in this narrow temperature range, the LC2 phase undergoes 
decomposition, probably in Lα1 and/or LC1, with production of a small amount of 
a phase with SAXS and WAXS identical to those of free Ch. Not to collide with 
the Gibbs rule, one may speculate that this is a kinetic effect due to the time 
taken for Ch to redistribute between phases; cholesterol that, at higher 
temperatures, is incorporated again in the fluid phase. These changes 
observed in the diffraction patterns explain the several endotherms detected in 
the DSC of these mixtures at and above ca. 50 ºC. 
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What happens in the region of coexistence of LC2 and LC4 for temperatures 
above 50 ºC is more difficult to define. There is a narrow range of 
temperatures, 52-58 ºC where LC2, LC4 and Lα1 coexist, indicating the existence 
of an isothermal melting line, above which LC4 coexists with Lα1. 
It is dubious if the Ch is still miscible with the system for concentrations ≥80 
mol %. However, neither in our results nor in those of Scheffer et al.22, is there 
any evidence of Ch separation. In some of our samples, as the one shown in 
Figure 2.3 for the mixture with 90 mol% Ch, what seems to appear in the 
WAXS is a structure qualitatively much similar to what was described by 
Scheffer et al. as distorted cholesterol. Below ca. 27 mol% C16-Cer either the 
Ch is not miscible, and what we observe is free Ch that at high temperature 
dissolves in phase Lα1, or it is included, and the transitions observed are for the 
complete system. The conversion of cholesterol monohydrate to anhydrous 
was observed to take place at ca. 74 ºC for the 80:20 mixture and at ca. 78 ºC 
for the 90:10 what is a clear indication that the detected cholesterol is in 
equilibrium with the system. The mixture with 20 mol % Ch becomes totally 
fluid at 94 ºC, suggesting again that Ch is in equilibrium with the system. 
Whatever the case, it should be stressed that the miscibility of Ch in C16-Cer 
is unusually high when compared with other amphiphilic lipids23,35,38. 
Joining the data from DSC and X-ray diffraction, with thermodynamic notions 
for binary systems, we have constructed the diagram in Figure 2.5. 
In the diagram, dashed lines are simple separations between regions where 
different phases were detected and are not claimed to be phase boundaries. A 
complete overlap between X-ray and DSC data is not possible because, the 
DSC starts with the anhydrous form of Ch, hence the endotherms around      
36 ºC, while the X-ray uses the monohydrate. The diagram presented in  
Figure 2.5. takes into account all the data obtained and leaves undefined the 
boundaries for which the available data do not allow an unequivocal solution. 
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Figure 2.5. - Thermotropic phase diagram for the C16-Cer:Ch system as derived from DSC and 
X-ray diffraction. Data from DSC, as presented in Figure 2.1. b, is overlaid on the diagram 
obtained from the analysis of SAXS and WAXS. The solid lines result from the straightforward 
analysis of the experimental data and the dashed lines separate regions where different phases 
were observed, not intending to define exact positions of phase boundaries. 
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2.6. Conclusions 
 
As found by us and earlier investigators, the difficulties in studying the C16-
Cer:Ch system are essentially due to the slow molecular rearrangement of 
structures involving ceramides. Consequently, several metastable states may 
intervene, preventing the attainment of equilibrium, without which a phase 
diagram cannot be constructed. The phase diagram in Figure 2.5. is quite 
detailed while avoiding speculation, what was attained at the cost of 
oversimplifying the interpretation of the data, particularly those collected in the 
region of high Ch molar percentage. 
We observe by diffraction techniques laterally organized crystalline structures 
formed between an amphiphilic lipid, ceramide, and cholesterol, in bilayers in 
excess water. To our knowledge, this is the first direct structural evidence of 
the existence in lipid bilayers of crystalline phases formed by cholesterol and a 
membrane-forming lipid. It should be stressed that when melted, the fluid 
obtained is still a lamellar phase that maintains the specific short distance 
molecular arrangement inherited from the crystal. While there is no reason to 
extrapolate our data to the case of membranes constituted by other lipids and 
cholesterol, this reopens the controversy concerning the existence of 
organized clusters induced by cholesterol, branded as “cholesterol-lipid 
condensed complexes”, in the fluid lamellar phase of biological 
membranes39,40. Although some authors41,42 question a specific interaction, 
between lipids and cholesterol, evidence of organized structures have been 
derived in monolayers43-46, in particular in mixtures of C16-Cer and Ch22. We 
have detected two ceramide-cholesterol stoichiometric phases with well-
defined short-range structures: one with a molar ratio C16-Cer:Ch of 1:3, 
forming lamellar structures with 4.24 nm repeat distance, and another, 
deserving further consideration, with a molar ratio of 2:3 with a repeat distance 
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of 3.50 nm. These very stable structures are certainly involved in the phase-
separation observed in biological membranes containing cholesterol and 
ceramides. 
A thin fluid phase with a repeat distance of 3.15 nm is also observed in the 
diffractograms of pure C16-Cer when cooling from 98 ºC; probably this is the 
stable form of fluid C16-Cer above the main phase transition. Therefore, it 
seems that this ceramide, alone or in the presence of Ch, is prone to forming 
nearly single molecule thick lamellar phases, possibly by distributing the 
headgroups on both sides of the lamellae. This unusual lipid arrangement may 
have some relevance in the formation of the inner layers of the puzzling 13 nm 
thick stratum corneum lamellae. 
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An exploratory study 
 
 
 
 
 
 
 
The co-authors of the work presented in this Chapter had the following 
contributions: 
- J. Valério made measurements at the beamline A2 of Hasylab at DESY, 
- S.S. Funari is the beamline scientist of A2 of Hasylab at DESY, 
optimized the experimental setup for our measurements, made the 
preliminary SAXS and WAXS conversion and helped with the SAXS 
interpretation. 
 
 It was published as: 
Souza, S.L., Valério, J., Funari, S.S., Melo, E. (2011). The 
thermotropism and prototropism of ternary mixtures of ceramide C16, 
cholesterol and palmitic acid. An exploratory study. Chem. Phys. Lipids, 
164, 643-653.   
 
 
Chapter 3 
96 
 
 
3.1. Abstract 
 
Mixtures of ceramides with other lipids in the presence of water are key 
components of the structure of the lipid matrix of the stratum corneum and are 
involved in lateral phase separation processes occurring in lipid membranes. 
Besides their structural role, ceramides are functional for cell signaling and 
trafficking. We elected, as our object of study, a mixture of N-
hexadecanoylceroyl-D-erythro-sphyngosine (C16-Cer), with cholesterol (Ch), 
in a molar proportion 54:46 in excess water to which palmitic acid (PA), is 
added in varying amounts. The chosen C16-Cer:Ch proportion replicates the 
relative abundance of ceramides and cholesterol found in the stratum corneum 
lipid matrix. For each lipidic composition, we identify the phases in equilibrium 
and study the thermotropism of the system, using differential scanning 
calorimetry and temperature-dependent small and wide-angle X-ray powder 
diffraction. Since the molecular aggregation of the system and its mesoscopic 
properties are affected by the degree of protonation of the PA, we explore 
mixtures with several PA contents at two extreme pH values, 9.0 and 4.0. A 
specific C16-Cer:Ch:PA composition forms at pH 9.0 a lamellar crystalline 
aggregate, to which we attribute the stoichiometry C16-Cer5Ch4PA2, that melts 
at 88–90 ºC to give a HII phase. For pH values at which there is partial or total 
protonation of PA another LC C16-Cer:Ch (2:3) stoichiometric aggregate is 
observed, identical to that previously reported for C16-Cer:Ch mixtures (Souza 
et al., 2009, J. Phys. Chem.B, 113, 1367–1375), coexisting with a lamellar fluid 
phase. For pH 4.0 and 7.0, the existing lamellar liquid crystalline converts into 
a isotropic fluid phase at high temperatures. It is also found that the miscibility 
of PA in the C16-Cer:Ch mixture at pH 4.0 does not exceed ca. 18 mol %, but 
for pH 9.0 no free PA is detected at least until 60 mol %. 
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3.2. Introduction 
 
Most membrane-forming lipids used by nature in the building of cellular 
membranes or other biological structures are fluid at the physiological 
temperature or, at least, the mixtures in which they are found in nature are 
fluid. The notable exception is the lipid matrix of the stratum corneum whose 
properties rely on the rigidity conferred by a particular mixture of ceramides 
and hydroxylated ceramides, together with cholesterol and saturated fatty 
acids. Ceramides by themselves form lamellar crystalline phases that melt to 
give lamellar liquid crystalline phases at quite high temperatures1,2. This 
happens even for relatively short-chain ceramides because of the strong 
hydrogen-bonds connecting the headgroups and the network formed between 
the headgroups and the adjacent water layer3. The lipidic mixture found in the 
stratum corneum is, at least in part, laterally organized in a crystalline 
structure4 that has been referred as being important to the particular properties 
of this system5,6. The presence of a quite large molar percentage of fatty acid 
(ca. 18%) and the fact that the stratum corneum interfaces a region with pH 
7.4 and pH ca. 5.5, raised the interest of several researchers on how the 
physical–chemical characteristics of the lipid matrix is modulated by pH7-10.  
Ceramides are also known to be involved in cell signaling11 and are a potent 
inducer of apoptosis12. Although the mechanism is unknown, recent findings 
suggest that the biological functions of ceramides result from changes in local 
membrane structure, namely the formation of ceramide-rich lipid domains11. 
In this work, we explore the thermotropic and prototropic behavior of mixtures 
of N-hexadecanoylceroyl-D-erythro-sphyngosine (C16-Cer), with cholesterol 
(Ch), to which palmitic acid (PA), is added. The matching of the fatty acid and 
ceramide hydrocarbon chains reduces the possibility of demixing, 
interdigitation, and other effects peripheral to our objective. The experiments 
presented here are not an attempt to map the thermotropism and prototropism 
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of the ternary mixtures of C16-Cer:Ch:PA to the detail of a ternary phase 
diagram. Our approach was to maintain fixed the C16-Cer to Ch ratio and 
change the molar percentage of palmitic acid and the pH.  
In all the ternary compositions studied in the present work the molar proportion 
between C16-Cer and cholesterol respects that published by Norlen et al.13 for 
the ratio between the total ceramides and cholesterol in the lipid matrix of the 
stratum corneum, 54:46. In face of the large diversity of compositions available 
in the literature, namely in the more recent works14-16, our option was to use 
this particular C16-Cer:Ch ratio that is supported by the review of Wertz and 
Norlen17. We start with the study of the thermotropism of ceramide 
C16:cholesterol to which palmitic acid is progressively added. The experiments 
were made at pH 9.0, theoretically allowing complete ionization of the acid. 
This isopleth was made to explore the main phases present along this section 
of the ceramide C16:cholesterol:palmitoate ternary diagram. At this pH the 
mixture of C16-Cer:Ch:PA in a molar proportion of 44:38:18 was found to form 
a stoichiometric molecular 2D crystal. Subsequently, this mixture was 
progressively neutralized to explore the prototropism of this particular 
composition. Additionally, we analyzed the phase changes induced by 
increasing the amount of palmitic acid up to 100% at pH 4.0 and 9.0. The 
study was made using differential scanning calorimetry (DSC), and 
simultaneous acquisition of small and wide-angle X-ray scattering, (SAXS) and 
(WAXS), respectively. 
The thermotropism and lyotropism of pure synthetic C16-Cer has been 
analyzed by Shah et al.1 and we have recently derived experimentally the 
binary phase diagram for the mixtures of C16-Cer with cholesterol in excess 
water. It was found that C16-Cer forms a lamellar crystalline phase, LC, that 
melts at 93 ºC to give a lamellar liquid crystalline phase, Lα. Cholesterol is 
practically insoluble in crystalline C16-Cer but forms at least one stoichiometric 
lamellar crystalline phase with a 2:3 C16-Cer:Chol molar ratio. It is reasonable 
to expect that LC ceramide layers have difficulty in accommodating solutes with 
quite different bulkiness (or cross-section), such as cholesterol. Fatty acids 
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may behave in a different way since they can substitute one of the ceramide 
chains without much distortion.  
Some authors have already studied the effect of the pH in lipid mixtures 
containing natural ceramides, cholesterol and fatty acid. Using 2H NMR Kitson 
et al. observed that the thermotropic phase-behavior of a mixture equimolar in 
bovine brain ceramide (SigmaType III), cholesterol and palmitic acid, is pH 
sensitive8. At pH 7.4 the mixture melts to give an inverted hexagonal phase, 
whereas at lower pH values, 6.2 and 5.2, the system gives origin to a isotropic 
fluid phase. With X-ray diffraction, Bouwstra et al. using skin-extracted 
ceramides observed that the pH had no effect on the in-plane lipid lateral 
packing of the ternary mixtures, but the signal due to the diffraction of the so-
called long periodicity phase was stronger at pH 7.4 than at pH 5 18,10. In 
another X-ray study, a mixture of extracted ceramides, cholesterol and palmitic 
acid in a composition 2:1:1 was studied as a function of pH in the range 6–8.5 
and the lamellar repeat distance of the thick phases increased due to 
electrostatic repulsion19. With Laurdan generalized polarization fluorescence 
microscopy, Plasencia et al.20 analyzed structures formed with mixtures of 
skin-extracted ceramides with cholesterol and fatty acids in the relative molar 
proportions 1:0.9:0.4. According to their interpretation, at pH 5 two lipid phases 
coexist, both in the gel state, while at pH 7 one single gel phase is present. In 
an FTIR study7 it was observed that a decrease from 7.4 to 5.2 in pH changed 
the thermotropic behavior of equimolar mixtures of bovine brain ceramide 
(Sigma Type III, a non-hydroxylated ceramides mixture), cholesterol and 
palmitic acid. 
 
3.3. Materials and methods 
 
Reagents 
Egg ceramide (84% C16) and synthetic (2S,3R,4E)-2-
hexadecanoylaminooctadec-4-ene-1,3-diol (N-palmitoyl-D-erythro-sphingosine 
or, according to Motta et al. classification of human SC ceramides21, CER-NS-
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C16), were obtained from Avanti Polar Lipids, stearic acid from BDH, and 
cholesterol from Sigma. Benzene is from Panreac and methanol from Merck, 
both HPLC grade. All chemicals were used without further purification. Water 
for buffer preparation was double distilled and further purified with an Elgastat 
UHQ-PS system (Marlow, U.K.). Buffers were as follows: pH 9.0 sodium 
borate, pH 7.0 phosphate sodium salts, pH 5.0 and 4.0 succinic acid and pH 
3.0 chloroacetic acid. Ionic strength was corrected for 100 mM with NaCl and 
all buffers were 0.2 mM in EDTA. Reagents for buffer preparation were either 
Merck or Riedel de Haen pa. grade. 
 
Preparation of lipid dispersions 
To avoid lipid demixing in the step of organic solvent removal, usual in 
mixtures containing high relative percentage of cholesterol22, the solvent in 
which the lipids are dissolved is removed by freeze-drying. The subsequent 
hydration is done at 98 ºC, above the transition temperature of the ceramide. 
As we have shown elsewhere, in these systems lipid demixing is irreversible2 
and the protocol here described proved to give reproducible and equilibrated 
samples. Equilibrated, or, at least, not presenting signs of metastability. 
Preparation was as follows: adequate amounts of lipid stock solutions of each 
lipid in benzene/methanol, 7:3 (v:v), were mixed in the intended proportions 
and allowed to stand for 30 min with occasional vortexing. The system was 
subsequently frozen to −20 ºC and left at this temperature for at least 2 h after 
which it was freeze-dried. To the resulting powder, the appropriate buffer at   
98 ºC was rapidly added under vortexing such that a dispersion is obtained. 
This dispersion is maintained for 30 min at 98 ºC to allow for complete 
hydration. The physical appearance of the samples containing fatty acid at pH 
9.0, was turbid, with small white lumps that float after centrifugation. At and 
below pH 7.0 the buffer is transparent with apparently compact aggregates 
floating. This visual aspect resembles that of pure ceramide or C16-Cer:Ch 
dispersions.  
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The possibility of decomposition or hydrolysis of the ceramide was excluded by 
thin layer chromatography (TLC). 
 
Differential scanning calorimetry 
Many authors have, like us, observed that ceramides and lipid mixtures 
containing ceramides may easily be trapped in metastable states upon 
cooling1,23,3,24,25. The reason for this is the strength of the interaction between 
the hydroxyl of the sphingosine and the amide group of a neighbor molecule24 
that not only result in transition temperatures much higher than those of similar 
chain-length phosphocholines26,27 but also impede molecular rearrangement. 
The method we found to be safe to avoid non-equilibrated systems, consisted 
in rejecting the first DSC scan done at 1 ºC/min until 95 ºC, cool the sample at 
the rate of 1 ºC/min and only consider the second and/or subsequent heating 
scans. Alternatively, the samples were previously heated and cooled in a 
computer-controlled thermo-cryostat bath (F25 Julabo Labortechnik GmbH, 
Germany) mimicking the first heating and cooling in the microcalorimeter 
chamber. The heating thermograms in this way obtained (VP-DSC from 
MicroCal, Northampton, MA) do not show the exothermic event typical from 
out of equilibrium systems. 
 
Cholesterol quantification by 1H NMR for ΔHo determination 
The lipids were extracted from the dried aqueous suspensions with chloroform 
and filtered through a 10.0 µm pore Teflon filter (SRi Scientific Resources, NJ, 
U.S.A.) to remove the solid particles with origin on the buffer salts. The 
chloroform was evaporated and substituted by a fixed amount of deuterated 
chloroform.  
The proton NMR spectra were acquired with a Bruker AMX 300 NMR 
spectrometer (Wissenbourg, France) operating at 300 MHz, and the delay time 
used was of 5 s. For determining the cholesterol amount we compared the 
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area of the peak at  = 3.5 ppm with a calibration curve. Since this technique 
only allows the determination of cholesterol, quantification of ceramide and 
palmitic acid was done supposing that there was no change of the original 
relative proportions. The precision of the method was found to be of 5%. 
 
X-ray diffraction 
Small and wide angle X-ray scattering were collected simultaneously at the 
synchrotron radiation facility at the Soft Condensed Matter beamline A2 of the 
storage ring DORIS III of the Deutsches Elektronen Synchrotron (DESY), 
using a setup previously described28. In the setup used at the A2 beamline 
measurements were done with a Mar165 CCD and a Gabriel-type gas 
detector, for SAXS and WAXS, respectively. The wavelength of the X-ray is 
0.15 nm. The protocol of sample preparation was identical to what was used 
for DSC, except that the 4.0 µmol of lipid were hydrated with only 0.3 ml of 
buffer and the lipid and a small amount of buffer were transferred to capillary 
tubes (1.0 mm diameter with 0.01 mm wall glass, Markrohrchen, Germany). 
The tubes were saturated with argon overnight, closed and the samples 
annealed in a thermo-cryostat bath as previously explained for the DSC 
samples. 
The measurement was done with the capillary in a temperature controlled 
holder heated from 20 to 98 ºC at 1.0 ºC/min, maintained at 98 ºC for 6 min to 
check for sample structural stability and subsequently returned to 20 ºC at the 
same T scan rate. Measurements lasted for 20 s every 120 s (ca. 2 ºC steps), 
for SAXS and WAXS acquisition. The real temperature of the sample holder at 
the beginning of each data collection was registered together with the data. 
Channel positions of the observed peaks were converted into reciprocal 
spacing, s = 1/d, where d is the distance between the diffracting planes. The 
SAXS and WAXS regions were calibrated with rat tail collagen and 
poly(ethylene terephthalate), respectively, and the marCCD output for the 
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small angle region linearized with a in-house developed program (A2tool, A. 
Rothkirch, Hasylab, DESY). The background scatter of identical capillary tubes 
with buffer was subtracted from all diffractograms. The evaluated error in s is 
relatively constant for each of the regions considered. In the range from 0.10 
until 0.39 nm−1, SAXS, it is of 0.001 nm−1 and for the region of 1.78 nm−1 < s < 
3.05 nm−1, where the WAXS was measured, it is of 0.005 nm−1. 
 
Calculations 
Dipole moments of glycerophosphocholine and ceramide headgroups were 
calculated with the software package HyperChem, Release 8 (Hypercube, Inc., 
USA), with the molecular structure optimized using the force field MM+ method 
and the electronic density distribution calculated by the semi-empirical method 
AM1. The procedure was validated by comparison of the calculated dipoles 
with the experimental dipole moments published for molecules with similar size 
and kind of atoms. In all our tests, the calculated dipoles were within ±10% the 
experimental value. 
The calculation of the Debye screening length, 1/κ, and of the fraction of 
ionized PA, α, was done based on the theory of the diffuse electric double 
layer29 closely following the implementation of Vaz et al.30 with the necessary 
adaptation to our objective. For a known proton concentration, [H+], the 
fraction of fatty acid ionized, with acidic constant Ka, is given by 
 
+
0
1
1 [H ] aK




                                            (1) 
 
 
where 0  is the surface enhancement factor, that is related to the potential at 
the interface, , by 
 
 
 
 
Chapter 3 
104 
 
0
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
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 
                                              (2) 
 
where e is taken as the positive elementary charge and the other constants 
have their usual meaning. The potential created by the ionized fatty acid, 
considered at the surface of the membrane, is calculated with the Gouy–
Chapman formalism29 
 
0
2 2
sinhB
L
k T b
e A
 

 
   
 
                               (3) 
 
where b is the Bjerrum length, given by 2 04 Bb e k T   , and the reciprocal 
screening length, κ, by 8 [S]b  . The value of AL, the average area per 
charged lipid, was calculated for the mixture of C16-Cer:Ch:PA 44:38:18 
based on the relative proportions and the area occupied by each molecular 
species. For C16-Cer an area per molecule of 41 Å2 was calculated from the 
lattice parameters2, for Ch 32 Å2 were used31, and 20.2 Å2 for PA (taken from 
the discussion of Casilla et al.32 on fatty acids cross section), resulting in an 
approximate area per PA molecule of 180 Å2. The Debye screening length 
depends from the concentration of the 1:1 electrolyte, [S], and the value of the 
relative static permittivity, ε, was taken as that of water, ε = 80. All the other 
parameters have the usual meaning. 
Of course Eqs. (1)–(3) are implicit in α because the interface potential depends 
on the fraction of ionized fatty acid which, in turn, depends on the product 
[H+]0, the effective proton concentration at the interface. Therefore, an 
iterative calculation is carried out to obtain α and κ for a set of given 
conditions, AL, [H
+
] and [S]. 
 
. 
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3.4. Results 
 
Effect of progressive addition of fatty acid to mixtures of 
ceramide:cholesterol (54:46) up to 60 mol % of palmitic acid 
 
X-ray studies for 0 mol % PA 
 
Mixtures of ceramide and cholesterol in a molar proportion 54:46 in excess 
water have already been characterized concerning its structure and 
thermotropic behavior2. Briefly, it was observed that at low temperature two 
lamellar crystalline phases coexist melting between 62 and 87 ºC to give a 
single lamellar liquid crystalline phase. One of the two crystalline phases that 
are present at 20 ºC is practically pure ceramide with a lamellar repeat 
distance of 4.46 nm (s = 0.224 nm−1) and a characteristic X-ray wide angle 
pattern with strong peaks at 2.38, 2.41, 2.46 and 2.55 nm−1 and weaker peaks 
at 2.19, 2.62, 2.65 and 2.70 nm−1, named LC1. The other, LC2, is a 2:3 
stoichiometric aggregate C16-Cer:Ch with a lamellar repeat distance of 3.53 
nm (s = 0.283 nm−1) and a diffraction pattern in the WAXS region constituted 
by peaks at 1.83, 2.02 and 2.21 nm−1. Both crystal structures were 
characterized: the LC1 phase was found to be compatible with a hexagonal 
chain packing with parameters a = b = 4.87 Å and c = 45.5 Å , and angles  = 
  = 90o and   = 120o, and the LC2 phase as being a tetragonal lattice with a = 
b = 6.96 Å and c = 35.6 Å , and angles  =   =   = 90o 2. Above 62 ºC a 
lamellar liquid phase, Lα1, is formed, which is characterized by a diffraction 
located at s = 0.247 nm−1 (4.05 nm). The LC2 phase vanishes at this 
temperature while the LC1 phase is present until 87 ºC. 
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X-ray studies for 5 mol % PA 
 
At this PA concentration the SAXS and WAXS peaks are, within the 
experimental resolution, identical to those observed in the absence of PA. 
However, the temperature at which the LC2 disappears with formation of Lα1 is 
now 70 ºC, and at the same temperature the intensity of the diffraction 
attributed to the phase LC1 begins to decrease. Since both LC phases 
previously described do not contain PA the question of where the acid is 
located should be raised. The amount being relatively small it may reside as a 
solute in the phases present, but, as we will see later, it can also form a 
separate LC phase hard to distinguish from LC1. 
 
X-ray studies for 12 mol % PA 
For the samples with 12 mol % PA the typical diffractions of phases LC1 and 
LC2 are present at 20 ºC. The LC2 diffraction disappears at 66 ºC and the fluid 
phase Lα1 begins to appear at 62 ºC coexisting with LC1 phase until 88 ºC. 
Between 88 and 90 ºC the LC1 phase melts and a new fluid phase with broad 
diffraction at ca. 0.208 nm−1 is formed, that, as we will see in the analysis of 
the mixture with 18 mol% PA, is an inverted hexagonal phase, HII. Above      
88 ºC the two liquid phases Lα1 and HII coexist, the WAXS of this mixture being 
typical of the arrangement of the hydrocarbon chains in liquid crystalline lipid 
lamellae. 
 
X-ray studies for 18 mol % PA 
Contrarily to what happens for the samples with lower PA content, only one 
SAXS diffraction peak, located at s = 0.224 nm−1, is observed at 20 ºC, Figure 
3.1 panels B (heating) and C (cooling). 
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Figure 3.1. – Characteristic heating thermogram and X-ray diffraction pattern of the C16-
Cer:Ch:PA 44:38:18 in excess water at pH 9.0. In the heating DSC trace acquired at 1 
o
C/min, 
shown in panel A, the ternary lipid mixture displays a single endothermic event. Panels B and C 
illustrate the SAXS data for heating from 20 until 98 
o
C, panel B, followed by cooling back to the 
start temperature, panel C, both at 1 
o
C/min and displayed at 2 
o
C intervals. The three lipids that 
compose the mixture form a single phase, a stoichiometric aggregate, diffracting at s = 0.224 
nm
-1
 (d = 4.46) that melts congruently at 88-90 
o
C (see text), to give an inverted hexagonal 
phase, as can be deduced from the appearance of two new diffraction peaks in panels B and C. 
The wide angle diffraction pattern at 20 
o
C of the stoichiometric structure of ceramide, 
cholesterol and palmitic acid is presented in panel D. 
 
 
To be exact, in the sample shown in Figure 3.1B there is a residual signal from 
LC2 barely visible in the heating diffractogram that is not present when cooling. 
The WAXS presents diffractions in the wide-angle region located at s = 2.38, 
2.42, 2.47, 2.55, 2.64 and 2.70 nm−1, Figure 3.1 panel D, that coincide with 
those of pure ceramide. As it will be later discussed, the crystal phase 
diffracting at 0.224 nm−1 cannot be the LC1 phase, and we name it phase LC3. 
 
 
Chapter 3 
108 
 
When the temperature is increased, the phase responsible for the SAXS 
diffraction at 0.224 nm−1 melts between 88 and 90 ºC originating an hexagonal 
phase characterized by three new peaks at s1 = 0.207, s2 = 0.356 ≈ s1√3 and 
s3 = 0.407 nm
−1. Being in excess water it is most likely of type HII
33, with a = 
5.58 nm calculated from the relation a = 2d10/√3. The progress of the peaks 
during the cooling subsequent to the heating run is reversed, with the transition 
placed between 80 and 72 ºC, Figure 3.1 panel C. A further confirmation that 
no other thermotropic events besides the LC3 to HII conversion exist for this 
composition and pH, is given in the DSC trace presented in Figure. 3.1 panel 
A, later discussed. 
 
X-ray studies for 60 mol % PA 
 
For this high PA concentration, a completely different X-ray pattern is observed 
but no segregated palmitic acid exists, which would be easily identifiable by its 
characteristic lamellar diffraction located at s = 0.219 nm−1 and wide angle 
signals at s = 2.17, 2.22, 2.65 and 2.74 nm−1, determined in an independent 
measurement of PA at pH 9.0. In our samples two diffractions at 0.200 nm−1 
and 0.188 nm−1 are detected. The phase diffracting at 0.188 nm−1 at low 
temperature, has a single thermally coupled wide-angle sharp diffraction, 
located at 2.43 nm−1, and melts from 51 to 63 ºC. The WAXS is compatible 
with a hexagonal acyl chain packing with a = b = 0.411 nm. The diffraction 
located at 0.200 nm−1, independent from that at 0.188 nm−1, is a lamellar fluid 
phase to which corresponds a broad band centered at 2.20 nm−1. At 74 ºC this 
phase gives origin to another lamellar fluid phase, with diffraction located at 
0.220 nm−1 associated with a similar wide angle broad band centered at     
2.20 nm−1. This phase is present until 90 ºC, the maximum temperature 
attained by this sample. 
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DSC studies for 0, 5, 10, and 20 mol % PA 
 
In Figure 3.2 the heating thermograms of the samples at pH 9.0 are presented, 
for mixtures of egg-Cer:Ch in the relative molar proportion 54:46 with 
increasing amounts of palmitic acid up to 20 mol%. 
 
 
Figure 3.2. - Thermograms of mixtures of egg ceramide and cholesterol in the relative molar 
proportion 54:46 along increasing amounts of palmitic acid, up to 20 mol %. All samples at pH 9. 
 
The sample without palmitic acid displays several endothermic transitions with 
maxima at 48, 62, and 84 ºC. When 5% palmitic acid is added, the transitions 
at 63 and 84 ºC are maintained and a new small endotherm at 53 ºC is now 
evident which may or not be already present at 0 mol% FA masked by the     
48 ºC relatively large peak. The change in the thermogram from 0 to 5 mol % 
does not seem consistent with PA being a simple solute in the mixture, a 
question left open by the X-ray data. With the addition of higher amounts of 
palmitic acid, 10 (not shown), 15 and 20 mol%, only the endotherm at higher 
temperature is observed. 
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While at 0 mol % palmitic acid the Tm of the stronger endotherm is at 84 ºC 
and relatively broad, for 20 mol % palmitic acid the high temperature transition 
Tm = 82 ºC. For the intermediate concentrations, the peak is a composition of 
the 84 and 82 ºC transitions. It should be noted that the DSC data were 
acquired using egg ceramide, 84% C16 (egg-Cer), and it is to expect a small 
discrepancy of the temperatures and a broader transition in the DSC 
experiment compared to X-ray which were done with synthetic C16 ceramide. 
Considering this, we attribute the transition at 82 ºC for the 20 mol % PA 
composition to the melting of the LC3 phase to give HII, and the transition with 
apex at 84 ºC to the transformation of LC1 in Lα1. Similarly to what was 
observed by X-ray for the 12 mol % sample, the 15 mol % mixture exhibits 
both transitions. 
 
Effect of pH variation for the mixture of ceramide C16, cholesterol and 
palmitic acid with 44:38:18 molar ratio 
 
As already shown, the mixture with this composition forms a single LC3 phase 
that undergoes a congruent transition to HII at pH 9.0, but, due to the presence 
of the fatty acid, there is no reason to expect a similar behavior at lower pH. 
According to the Gouy–Chapman model29, Eqs. (1)–(3), for the ionic strength 
used, 100 mM, the PA at the interface is predicted to be 99.8% ionized at pH 
9.0 and 98.8% protonated at pH 3.0. To study the structural changes induced 
by interface neutralization, we measured this mixture at pH 7.0, 4.0 and 3.0. 
Not much difference is expected between the samples at pH 4.0 and 3.0 
because at pH 4.0 already 92% of the PA should be neutralized but the effect 
of charge may be noticeable at pH 7.0 where 87% is ionized. 
At pH 9.0 no protonated PA is present; in consequence, the system can be 
treated as ternary. Identical reasoning can be made for pH 4.0 and 3.0. At 
intermediate pH the equilibrium between acid and base forms adds a forth 
component but also a new freedom constraint. Therefore, we may consider 
that the same number of coexistent phases is allowed irrespective of pH. 
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X-ray studies for pH 7.0. At pH 7.0 and 20 ºC, two strong main diffractions, at  
s = 0.224 and 0.235 nm−1 are observed. Increasing the temperature their 
intensity change independently indicating that they have origin in two distinct 
lamellar phases. 
Between 35 and 54 ºC the intensity of the diffraction at 0.235 nm−1 is 
progressively reduced, originating a new diffraction at s = 0.243 nm−1, that we 
interpret as being the Lα1 phase, while the intensity of the 0.224 nm
−1 peak only 
decreases above 68 ºC, being completely absent by 88 ºC, its fusion also 
contributing to the Lα1 phase. The wide-angle region displays the same peaks 
with the same thermal behavior of both, pure ceramide and LC3 phase
2 that 
disappear concomitantly with the diffraction at s = 0.224 nm−1 and do not seem 
correlated with the diffraction at s = 0.235 nm−1 previously commented. We 
conclude that at low temperature two phases coexist, one that is the already 
characterized LC1,3, and a new lamellar fluid phase with diffraction at s = 0.235 
nm−1 that we will name Lα2 phase. This phase has no detectable wide-angle 
correspondent, namely the broad band centered at 2.2 nm−1 typical of the 
hydrocarbon liquid-like chains, what may be due to the presence of a large 
molar fraction of cholesterol randomly distributed, that disorder the palisade 
region of the lamellae. 
The intensity of the diffraction of the phase Lα1, declines from 86 until 96 ºC, 
the maximum temperature at which the samples were analyzed. In this 
temperature range the Lα1 phase originates a isotropic fluid, without small and 
wide angle X-ray signal. Therefore, between the onset of isotropic fluid 
formation, 92 ºC, and the higher temperature attained, 96 ºC, the only phases 
present are Lα1 and isotropic fluid. 
X-ray studies for pH 4.0. As shown in Figure 3.3, the scenario is very similar to 
what was described for pH 7.0, except that now two additional small reflections 
at s = 0.289 and 0.278 nm−1 are observed. 
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Figure 3.3 – Characteristic SAXS, panel A, and WAXS, panel B, of the C16-Cer:Ch:PA 
44:38:18 matrix, in excess water at pH 4.0 as a function of temperature. The heating rate was of 
1 
o
C/min and diffractograms are collected at 2 
o
C interval. 
 
The reflection at s = 0.289 nm−1 has origin in the LC2 phase, since it is 
thermally associated with its characteristic wide-angle pattern. The reflection at 
s = 0.278 nm−1 is interpreted as a small amount of segregated neutral PA, not 
enough to be evident in the WAXS. This signal of PA is not observed in all    
18 mol % samples. We interpret this variability as the result of this PA 
concentration being close to the maximum solubility of the acid in the mixture. 
The LC2 phase disappears between 48 and 52 ºC when Lα1 emerges and 
phase LC1,3 starts melting. Above 86 ºC only Lα1 is present, but when 
temperature increases it transforms in a isotropic fluid with the concomitant 
disappearance of its SAXS and WAXS signals, Figure 3.3. 
X-ray studies for pH 3.0. Except for small differences in the temperatures at 
which phenomena occurs the samples at pH 3.0 are identical to those at pH 
4.0. At 42 ºC phase LC1,3 begins to melt, and Lα1 appears. By 56 ºC LC2 is 
completely molten. Consequently, from 46 to 56 ºC phase LC1,3 coexists with 
phase LC2, Lα2 and Lα1. From 56 until a not very well defined region between 68 
and 78 ºC phase LC1,3 coexists with phase Lα2 and Lα1. In the range 68–78 ºC 
the phase Lα2 completely converts into Lα1, and above this temperature phase 
LC1,3 coexists with Lα1 until 87 ºC, where the crystalline phase disappears. 
 
 
Thermotropism and prototropism of ternary mixtures 
113 
 
Above 87 ºC only Lα1 is present. The isotropic fluid observed for pH 4.0 is not 
clearly seen because the heating of these samples stopped at 91 ºC. 
DSC studies for pH 3.0, 4.0, 5.0 and 9.0. The heating thermograms obtained 
by DSC of mixtures of ceramide, cholesterol and fatty acid samples in excess 
water at several PA ionization states, are plotted in Figure 3.4. 
 
 
 
 
Figure 3.4 – Thermograms of mixtures of egg ceramide:cholesterol:palmitic acid (44:38:18 
molar fractions) at pH 3.0, 4.0, 5.0, 7.0 and 9.0. 
 
 
The sample at pH 9.0, has a sharp transition with Tm = 82 ºC that corresponds 
to the congruent melting of the ternary matrix with 54:46 egg-Cer:Ch plus      
18 mol % PA, as already shown in Figure 3.1 panel A. At pH 7.0 the 
thermogram presents a shoulder at 77.6 ºC and this transitions is also 
observed at pH 4.0 and 3.0, with Tm at, respectively, 76.1 and 75.5 ºC. We 
interpret this transition to correspond to the transition of LC1,3 to Lα1, which is 
observed by X-ray to occur in these pH samples in the same range. The 
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presence of free PA at pH 4.0, observed by X-ray, is not evident in the 
thermogram probably because its amount is too small to be detected. In the 
thermograms of Figure 3.4, as well as in the other DSC experiments, there are 
relatively small endotherms that do not correspond to noticeable changes in 
the X-ray data, not being possible to ascribe to them a known structural 
change. 
 
 
Mixtures of ceramide, cholesterol, palmitic acid with 
increasing amounts of palmitic acid, at pH 4.0 
 
In the following we analyze how the thermotropism of a C16-Cer, Ch 54:46 
molar ratio mixture is affected by the addition of palmitic acid in molar 
percentages of 40%, 60% and 70% at pH 4.0. 
 
 
Pure PA 
 
Palmitic acid in excess water at pH 4.0 and 20 ºC gives a single diffraction in 
small angle at 0.273 nm−1 identified as a lamellar structure with a repeat 
distance of 3.66 nm. In the wide angle region there are two diffractions at 2.46 
and 2.74 nm−1, results that are in accordance with published data for palmitic 
acid34. Between 62 and 64 ºC the reflections in SAXS and WAXS vanish in a 
direct lamellar-crystalline to isotropic fluid phase transition, also coherent with 
what was observed by other authors34 
 
 
X-ray studies for 40–70 mol % PA 
 
Even if in some samples containing 18 mol % PA its diffraction is not visible, 
several others present a small diffraction peak characteristic of free PA, 
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namely in the SAXS shown in Figure 3.3A. This is an indication that 18 mol% 
is near the limiting concentration of PA that mixes with the other lipids at this 
pH. Indeed, all samples containing 40 or larger molar percentage of PA display 
at 22 ºC an intense and sharp diffraction located at 0.274 nm−1 accompanied 
by the characteristic wide angle reflections at 2.46 and 2.74 nm−1 that 
disappear between 56 and 58 ºC indicating the presence of free PA. Recalling 
that the system under study is prone to incomplete mixing we have to be sure 
that the observed free PA is not an artifact due to inadequate sample 
preparation, since the lower transition temperature may be due to 
contamination by the other components. If this was the case, addition of larger 
quantities of PA would only result in a stronger signal from the fatty acid and 
the pattern of the components in equilibrium would remain unchanged. 
However, we observe that the other structures coexisting with PA are not the 
same or do not have the same thermotropic behavior when the PA content 
increases from 18 to 70 mol %. It may be concluded that either PA is in 
equilibrium with the remaining lipids or, what is more plausible, part of it 
emulsifies the remaining lipids reducing the dimension of the aggregates. 
In the samples with 40, 60 and 70 mol % PA a strong broad signal with apex 
located at ca. s = 0.22 nm−1 is observed at 20 ºC that seems to have origin in 
more than one diffraction. Despite the fact that the LC1,3 phase has a diffraction 
at s = 0.224 nm−1 we are positive in that this phase/s is not present in these 
samples due to the absence of its characteristic wide-angle pattern. 
In the 40, 60 and 70 mol % samples the broad signal with apex at ca. s = 0.22 
nm−1 gives in part origin to the Lα2 phase at 38 ºC. Subsequently, a relatively 
broad peak at 0.216 nm−1 is revealed remaining visible until 78, 60 and 56 ºC, 
respectively, for 40, 60 and 70 mol % PA. The diffraction appearing in the 
wide-angle region at 2.31 nm−1 seems to be correlated with this peak because 
both disappear at the same temperature. Besides this signal and those already 
referred as pertaining to the PA, no other diffractions exist in the WAXS. 
Consequently, the broad band exhibiting a rather complex thermotropic 
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behavior is mainly due to fluid lipid phases observed in WAXS as the usual 
large band at 2.2 nm−1. Refer to Figure 3.5 to examine the behavior of the     
60 mol % sample. 
 
 
 
 
 
Figure 3.5 – Characteristic SAXS, panel A, and WAXS, panel B, of C16-Cer:Ch with 60 mol % 
PA in excess water at pH 4.0 as a function of temperature. The heating rate was 1 
o
C/min. 
 
 
At temperatures above 60 oC a very broad signal centered at 0.3 nm−1 is 
detected only for 40 and 60 mol % PA, which seems to have origin in a poorly 
organized phase, eventually a micellar phase. The Lα2 phase gives a isotropic 
fluid at temperatures depending on the PA content: between 54 and 60 ºC for 
the 70 mol%, between 60 and 84 ºC for 60 mol % and between 58 and 82 ºC 
for 40 mol %. 
DSC studies for 10, 30, 40 60 and 80 mol % PA. Figure 3.6 represents the 
heating thermograms of several ternary mixtures along increasing amounts of 
palmitic acid at pH 4.0. 
 
 
 
Thermotropism and prototropism of ternary mixtures 
117 
 
 
Figure 3.6. – Thermograms of several ternary mixtures with a constant C16-Cer:Ch 54:46 molar 
ratio, with 0, 10, 30, 40, 60 and 80 mol % of PA at pH 4.0. 
 
 
As can be observed, the mixtures with 80–40 mol % PA have a clear 
endotherm between 55 and 58 ºC. This endotherm corresponds to the 
transition of both, the PA phase and the rigid phase, characterized by X-ray 
peaks at s = 0.216 and 2.31 nm−1, that melts a few degrees before the PA. The 
free PA only appears in DSC above 30 mol % but residues of segregated PA 
are clearly detected by X-ray for many of the mixtures containing 18 mol % PA, 
at pH <7. The absence of the DSC signal of PA in all the samples used may 
result from its progressive dissolution in a liquid phase; either Lα1 which in the 
18 mol % samples begins to form at 48–52 ºC, or in the fluid phase 
responsible for the broad band with s = 0.22 nm−1 observed in the 40 mol % 
sample. 
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3.5. Discussion 
 
Between 20 and 88 ºC the sample of C16-Cer:Ch 54:46 with 18 mol % PA at 
pH 9.0 has, in our experimental conditions, an X-ray pattern that seems 
absolutely identical, in both the small and the wide angle regions, to that 
observed for the LC1 phase which is pure crystalline ceramide. The main 
transition temperature of the mixture occurs between 88 and 90 ºC, which is 
not very far from that of pure ceramide samples that melt at 93 oC2. 
Nevertheless, we sustain that C16-Cer:Ch 54:46 with 18 mol % PA form a new 
LC phase, LC3, distinct from LC1, characterized by reflections at s = 2.38, 2.42, 
2.47, 2.55, 2.64 and 2.70 nm−1, Figure 3.1 panels B and D. 
There are several experimental evidences that LC3 and LC1 are different 
phases despite the similarity of their X-ray diffraction. If this were not the case, 
PA and Ch, either mixed or separated, would show their presence by their own 
characteristic X-ray patterns. However, no sign of isolated Ch and/or PA is 
observed by either X-ray or DSC, and the same can be said in which concerns 
mixtures of Ch with PA because the behavior of Ch:PA suspended in water is 
known and the structures formed are easily detectable by X-ray. Mixtures of 
palmitic acid with cholesterol, both at relative molar proportions of 50:50 and 
25:75 at pH 8.5, form fluid layers with a repeat distance of 4.9 nm between 25 
ºC and 70 ºC 35 that we do not observe in our samples. Thus, the existence of 
cholesterol solubilized in palmitic acid coexisting with phase LC1 is excluded. 
We still may question if part of the C16-Cer may form, together with the Ch 
and PA, a phase which is invisible to X-ray and DSC. In support of this 
interpretation, the smaller transition enthalpy of the mixture compared with that 
of ceramide alone, 23.9 kJ/mol of C16-Cer and 36.8 kJ/mol, respectively, may 
arise from ca. 30% of the ceramide being mixed with ionized PA and Ch. To 
discard this possibility we have done a sample with C16-Cer:Ch:PA in the 
proportion 13:38:18 that, if this last interpretation is correct, should be clear 
without any kind of precipitate. What happens is the opposite; the usual 
 
 
Thermotropism and prototropism of ternary mixtures 
119 
 
precipitate is formed, and the clear aqueous phase obtained by centrifugation, 
is free of lipid by TLC analysis. No doubt is left that the phase LC3 is distinct 
from LC1 and characterized by a different transition enthalpy. 
There are other arguments that speak in favor of a compositional difference 
between LC3 and LC1. If we do not consider the existence of a distinct LC3 
phase, the only possible interpretation of the experimental observations would 
be that the PA emulsifies most of the cholesterol extracting it from the 
membrane at low temperature, but once the Lα1 phase appears (86 ºC) the 
excluded PA and Ch dissolve in it, giving origin to the HII phase. However 
there are evidences that testimony against this interpretation: first, we are 
supposing that the hypothetic Ch:PA emulsion would readily dissolve in Lα1 
converting it into HII. This is not what happens with the sample containing 12 
mol% PA. For this composition the Lα1 phase begins to appear at 62 ºC and HII 
should begin to appear at this same temperature as the result of the 
incorporation of Ch and PA in Lα1, yet it is absent until 88 ºC; second, during 
cooling, the HII phase gives the crystalline lamellar phase between 80 and 72 
ºC that takes 8 min (at 1 ºC/min) a time that is too short if we take into 
consideration the known kinetics of the insertion and desorption of Ch and 
single-chain lipids in/from bilayers36,37. 
It should also be commented that the addition of ionized FA does not increase 
the interlamellar repeat distance of the LC3 as compared with the LC1 phase, 
what can be explained by a short Debye screening length compared with the 
interlamellar water phase. The calculated Debye screening length is about      
1 nm for an electrical relative permittivity of the water at the interface identical 
to the bulk (80) and for an ionic strength of the aqueous phase of 100 mM. The 
typical thickness of the interlamellar water layer in phosphatidylcholine 
assemblies is 2–3 nm38,39, value that seems quite large as compared with the 
Debye screening length for our conditions, what may lead to a non-significant 
interlamellar repulsion. 
An alternative explanation, in some way opposed to this, would be the low 
hydration of the ceramide headgroup. If the hydration of the ceramide is such 
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that in the structures formed the PA is involved in the headgroup H-bond 
network, it may be “screened” from the effect of the external pH. Literature 
data is not clear about how thick the interlayer water in these systems is, but it 
is consensual that the hydration of ceramides is much lower than that of 
phosphorylcholines. Data from DSC and X-ray indicate that ceramides uptake 
9.3 wt % water1, to compare with the 15–18 wt % of phosphorylcholines, and 
from the comparative analysis of adsorption isotherms of cholines, ceramides 
and cholesterol the hydration of ceramides is much lower than that of cholines 
or even cholesterol40. Also McIntosh19 concludes from X-ray electron density 
calculations for ceramide studies that “there are extremely narrow fluid spaces 
between adjacent bilayers at low pH”. In any case, the extent of hydration 
seems to be related to pH. As described in Section 3.3 the physical 
appearance of the suspensions is evidence for a better hydration at high pH, 
with structures that are similar to regular multilayered vesicles. At low pH, as 
well as with pure ceramide, the buffer is transparent with aggregates 
apparently compact that do not seem common vesicular structures. However, 
these visual differences are not clearly reflected in the structure obtained by X-
ray. 
If we depart from the C16-Cer:Ch 54:46, progressively increasing its PA 
content until 18 mol %, the amount of LC1 and LC2 phases decreases and, 
concomitantly, the new phase LC3 is formed. For 18 mol % PA the only phase 
that remains is the LC3 with a molar composition C16-Cer:Ch:PA 44:38:18. The 
melting of this phase occurs in a narrow temperature interval 88–90 oC, a 
congruent transition, that further confirms that we are in the presence of a 
crystalline molecular aggregate with approximate stoichiometry C16-
Cer5:Ch4:PA2. It happens that the relative proportions in which these lipid 
classes are, is that found in the stratum corneum17 but, given the differences in 
the lipids involved and structure of the aggregates formed, it should be 
interpreted as a coincidence and not a meaningful fact with biological 
implications. We should recall that neither the chain length, nor the headgroup 
characteristics of C16-Cer are those prevalent in the stratum corneum. In 
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particular the headgroup of C16-Cer is non-hydroxylated while in SC ca. 70% 
of the ceramides are hydroxylated, and it is known that hydroxylation strongly 
influences the physical–chemical properties of the ceramides. 
Compared with phosphocholines, ceramides have stronger headgroup 
interactions what may be equated to two independent causes: one is the 
strong H-bonds that are formed between headgroups as thoroughly described 
by several authors based on FTIR measurements24,3, other is the much lower 
ceramide headgroup dipole repulsions. The calculated ceramide headgroup 
dipole moment is ca. 2.5 Debye; the same calculation made for glycero-3-
phosphocholine group gives ca. 17 Debye, consequence of being zwitterionic. 
The enthalpic unfavorable alignment of the headgroups at the interface in a 
rigid conformation favors the fluid state in cholines41. Both effects, H-bonding 
and small dipole moment, are responsible for the relatively high melting 
temperatures of ceramides26 and the preference for a crystalline phase below 
transition temperature. Being in the crystalline state it is not surprising that Ch 
does not dissolve randomly in the ceramide, preferring to form ordered 2D 
structures with a defined stoichiometry2. 
Since the LC3 phase is stoichiometric with a C16-Cer:Ch:PA ratio of ca. 
44:38:18, LC2 has also a defined stoichiometry 2:3 (C16-Cer2Ch3), and LC1 is 
pure C16-Cer, it is possible to determine with a simple mass balance exercise 
the fractions of each of these crystalline aggregates for the 5 and 12 mol % PA 
at pH 9.0 in the low temperature region where only three phases coexist. For 
the case of 12 mol % PA, 6.5 mol % C16-Cer is in the LC1 phase, 11% and 
16.5%, respectively, of ceramide and Ch in LC2, and the total amount of PA,  
12 mol %, is in the LC3 together with 30% C16-Cer and 24% Ch. Identical 
estimate for the 5 mol % sample conduce to values of 16.3 mol % free 
ceramide (LC1), 22.4 mol % C16-Cer plus 33.7 mol % Ch in the LC2, justifying 
the stronger SAXS signal observed, and 12.5 mol % of ceramide and 10 mol 
% Ch go with the remaining 5 mol % PA forming the LC3 phase. 
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In Figure 3.7 we condense our observations of the thermotropism of a mixture 
of C16-Cer:Ch 54:46 molar relation for several concentrations of PA at pH 9.0 
based on the experimental data and the reasoning presented above. 
 
 
 
 
Figure 3.7. – Schematic diagram indicating the temperature range in which the several phases 
described in the text are stable for 0, 5, 12 and 18 mol% of PA added to the C16-Cer:Ch mixture 
in molar ratio 54:46 for pH 9.0 in excess water. 
 
 
When this mixture is prepared at pH values ≤7.0, a phase with diffractions 
coherent with LC1/LC3 is detected, together with Lα2, LC2 and for pH 4.0 and 3.0 
pure neutral PA. There is evidence that at pH 7.0, and below, it is the LC1 
phase that exists and not the LC3. Since LC1 and LC2 do not contain PA, all the 
fatty acid, if not free, should be in the Lα2 and/or a neutralized LC3 phase. 
However, the LC3 phase retains the same SAXS and WAXS along progressive 
neutralization. Additionally, in some samples where the characteristic SAXS of 
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free PA is strong, the phase Lα2 is absent. These observations led us to 
conclude that the SAXS and WAXS signals have origin in LC1. 
In the totally or partially neutralized samples the fluid phase formed at high 
temperature is always lamellar, Lα1, and the transition to a hexagonal phase is 
only detected for pH 9.0. At this pH the solubility of the ionized palmitic acid 
attains at least 60 mol%, what makes the ionized form much more soluble in 
the ceramide:cholesterol mixture as compared to the neutral form. At pH 4.0, 
segregated co-existing pure palmitic acid is always detected above 18 mol %. 
However, this does not mean that the added PA is excluded from the 
remaining lipid system already saturated in fatty acid because the other 
phases present suffer a gradual change with further increase of the fraction of 
PA. Based on this observation we cannot discard PA as being one component 
of the equilibrated lipid system. 
The addition of protonated fatty acids with 16 or more carbons to 
phosphocholines, is known to favor the formation of an inverted hexagonal 
phase above the main transition temperature42. The fatty acid induction of HII 
phase in phosphocholine has been rationalized considering that the insertion 
of the fatty acid in the bilayer allows a closer interaction of the acyl chains. The 
larger choline head-group area compared to that of the acyl chains cross 
section becomes equilibrated. When the bilayer melts, the increase in the 
chain volume due to the larger number of trans-gauche conformations exceeds 
the head-group volume, favoring inverted structures43. In our case, the 
ceramide headgroups are relatively small, the cholesterol is already filling any 
possible interchain spaces and the structural effect of FA addition can hardly 
be imputed to the same cause. However, the formation of HII phases is not 
unusual in mixtures of ceramide, cholesterol and fatty acid at high 
temperatures8,10,44. 
In the literature, there is a considerable number of studies, in which lipid 
mixtures intended to model the stratum corneum lipid matrix, usually 
containing ceramide, cholesterol, long chain fatty acids of several chain 
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lengths, and, in some cases, cholesterol sulfate, are characterized by several 
techniques such as small and wide angle X-ray scattering, FTIR and 2H NMR. 
Depending on the work, the authors chose to use ceramides extracted from 
the stratum corneum employed as a full extract or separated in sub-classes, or 
commercially available, of synthetic or of natural origin (brain). 
The characterizations of equimolar mixtures of ceramide commercially known 
as type III, cholesterol and palmitic acid have direct relevance for our study, 
because the type of ceramide is the same as ours, with non-hydroxy fatty 
acids and, despite the difference in the molar proportion used, a similar pattern 
in the phase thermotropism exists. This system was first characterized by 2H 
NMR8. When the lipidic mixture was prepared at pH 7.4, at 20 ºC, the signal 
from a solid coexisting with a fluid phase was detected. Similarly, in our 
mixtures at pH 7.0 a crystalline phase, LC1, coexists with a lamellar liquid 
crystalline phase, Lα2, at 20 ºC. Above 68 ºC, the authors observed a pattern 
compatible with an inverted hexagonal phase that we observe for our mixtures 
only at pH 9.0. For pH 5.2, besides the 2H NMR study there are also works 
that use FTIR23 and small and wide angle X-ray diffraction45. By FTIR a highly 
ordered/solid phase at 20 ºC was found, an observation in accordance with 
what was observed by NMR, which also detected a coexisting liquid phase. In 
the same conditions, the X-ray study reports two lamellar phases with repeat 
distance d = 5.38 nm and 4.10 nm, co-existing with pure PA and pure 
cholesterol monohydrate. In the same study several diffractions in the wide-
angle region, denounced the presence of crystalline phases45. Comparing with 
our results at pH 4.0, we also detect, solid lamellar crystalline phases 
coexisting with a lamellar fluid phase and PA at 20 ºC. The small differences 
between the measured lamellar repeat distance compared with the literature 
X-ray data may be attributed to the difference in chain length of the ceramide 
used. It should, however, be noted that the wide-angle diffraction patterns of 
the mixture with the type III ceramide is completely distinct from what we 
obtain, indicating different acyl chain arrangements. Measurements by 2H 
NMR8 detect a isotropic fluid phase at 51–54 ºC that continuously growth in 
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intensity with increasing temperature being the only observed phase at 80 ºC. 
The correspondent X-ray characterization finds a transition of the Lα phase to a 
isotropic fluid between 80 and 90 ºC 45. We also encounter a transition of the 
Lα1 phase to a region of isotropic fluid phase above 86 ºC. The absence of an 
inverted hexagonal phase at pH 5.4 is also in agreement with our pH 4.0 
samples. However, contrarily to what we concluded for pH 7.0, some authors 
still find the HII phase in mixtures prepared at pH 7.4 
8. With an equimolar 
ternary mixture differing from the one above in that the type III ceramide was 
replaced by the synthetic ceramide C16 and pH 5.2 46, measurements made 
with 2H NMR, IR and Raman spectroscopies also show the coexistence of a 
solid and a fluid phase at 25 ºC and a isotropic phase at 75 ºC. 
Table 3.1 summarizes the correspondence between the phases that we 
deduced from the experimental data and the diffraction pattern of each of 
them. 
 
 
Table 3.1. – Small and wide angle characteristic X-ray diffractions of the main phases observed 
in the studied ceramide, cholesterol, and palmitic acid mixtures at 20 
o
C. 
 
 
Phase SAXS region 
s (nm
–1
) 
WAXS region  
s (nm
–1
) 
LC1 / LC3 0.224 2.38, 2.41, 2.46, 2.55, 
2.65 and 2.70 
LC2 0.289 1.83, 2.02, 2.21 
Lα1 0.243 2.2 (broad) 
Lα2 0.235 Fluid 
HII 0.207, 0.356  
PA 0.273 2.46, 2.74 
 
 
 
The thermal range where these phases are stable for each pH is graphically 
schematized in Figure 3.8 
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Figure 3.8. – Schematic diagram indicating the temperature range of stability of several phases 
described in the text for the mixture of ceramide with cholesterol in the relative molar proportion 
44:38:18 of C16-Cer:Ch:PA for pH 3.0, 4.0, 7.0 and 9.0. In the dashed region for pH 3.0 there is 
not a clear transition from the domain of LC1 + LC3 + Lα2 and that of LC1 + Lα1 + Lα2.  
 
 
3.6. Conclusion 
 
The study of the thermotropism and prototropism of the mixtures of C16-Cer, 
cholesterol with several fractions of palmitic acid in excess water resulted in a 
general overview of the possible phases and phase transformations that may 
occur in this ternary system. 
When adding PA to the mixture 54:46, of ceramide with cholesterol, at room 
temperature and pH 9.0, we start with two lamellar crystalline phases LC1 and 
LC2, the last one being a stoichiometric aggregate of ceramide with cholesterol 
in the molar proportions 2:3. Adding PA, a third crystalline phase, LC3, appears, 
and when attaining 18 mol % of PA it is the only phase present. This phase 
has a stoichiometry given by C16-Cer5:Ch4:PA2 and forms a lamellar 
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crystalline structure characterized by X-ray diffractions undistinguishable from 
those of pure ceramide both in the small and wide-angle regions. We 
previously reported two lipidic stoichiometric aggregates forming LC phases in 
binary mixtures of ceramide with cholesterol2 and other authors have also 
found that ceramide:cholesterol monolayers organize in two-dimensional 
crystals composed of the two lipids47. The question may be raised why 
ceramides are so prolific in structures never observed with other membrane-
forming lipids, namely glycero-phosphocholines. A possible explanation may 
reside in that ceramide, partially due to the strong H-bonds and in part also 
consequence of the lower headgroup dipole moment, adopts a stable lamellar 
crystalline structure at room temperature while most other lipids, even at 
temperatures at which the LC is the thermodynamically more stable state, 
remain trapped in rigid non-crystalline structures such as the Lβ or Lβ’. 
Probably such structured molecular aggregates may also form with other 
common phospholipids, but they have never the opportunity to attain its final 
structure due to slow in-plane molecular rearrangement. When melted, this 
ternary mixture forms an inverted hexagonal, HII, structure. The formation of HII 
phases may be a general property of mixtures of ceramide, cholesterol and 
ionized fatty acid at high temperatures since other authors have found this 
phase for different compositions and ceramides8,10,44. 
For the composition 44:38:18, with pH ≤7.0, the fatty acid is partially or totally 
protonated. At low temperature, three main phases coexist: pure crystalline 
ceramide in LC1, ceramide:cholesterol also forming a lamellar crystalline 
phase, LC2, and a lamellar liquid phase, Lα2, that contains nearly all fatty acid, a 
small part of it being segregated as pure PA. In studies with the equimolar 
mixture of bovine brain ceramide, cholesterol and palmitic acid, other authors 
found a fluid at 20 ºC at both, pH 5.2 and 7.4 8 coexisting with a crystalline 
phase. This fluid is probably similar to our Lα2. 
For the system having the PA totally protonated, pH 4.0, when the amount of 
PA is progressively increased, coexisting segregated neutral PA is detected for 
concentrations equal or larger than 18 mol %. This contrasts with the behavior 
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at pH 9.0, for which PA is soluble in the ceramide:cholesterol system at least 
until 60 mol%. Also to be referred that in the presence of protonated PA (pH 
≤7.0), the liquid lamellar phase/s convert, at high temperature, into a isotropic 
fluid. 
Several characteristics of this system may be valuable to the interpretation of 
other similar mixtures, namely those found in the nature. In which concerns the 
particular case of the stratum corneum, we may speculate that there should 
always be a part of the system that remains in the fluid phase at the pH to 
which it is normally exposed. But a more general property of ceramides that 
has to be taken into account by those that propose the formation of ceramide-
rich regions of cell membranes48,11, is that, even when mixed with large 
amounts of cholesterol and fatty acids, they have an unusual tendency to form 
lamellar crystalline structures. 
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4.1. Abstract 
Cholesteryl esters (CE) are not generally abundant but are ubiquitous in living 
organisms and have markedly different properties from cholesterol because of 
their acyl chain. The miscibility/immiscibility of CE with biological lipid 
structures is a key property for their functions. In this work we study the 
solubility of cholesteryl oleate (ChO) in a model of the stratum corneum lipid 
matrix composed of ceramide C16, cholesterol and palmitic acid in excess 
water. Experiments were done in conditions of fully ionized (pH = 9.0) and fully 
neutralized fatty acid (pH=4.0), and differential scanning calorimetry of the 
ternary mixtures with added ChO at pH = 9.0 clearly displayed a main 
transition with the same maximum temperature, peak shape, and enthalpy, 
suggesting that ChO was excluded from the remaining lipids. This technique is 
not conclusive at pH = 4.0 because the transitions of the lipid matrix and ChO 
overlap. The insolubility of ChO at both pH values is supported by X-ray 
diffraction. Adding the ceramide:cholesterol:fatty acid lipid mixture to ChO did 
not change the X-ray pattern of the mixture nor that of the ChO. To 
supplement the above physical techniques, we applied 13C MAS NMR 
spectroscopy with C-13 carbonyl-labeled ChO. A single 13C carbonyl peak 
from the ChO at 171.5 ppm was observed, indicating exposure to only one 
environment. The chemical shift was identical to pure ChO below and above 
the temperature of isotropic liquid formation. Taken together, our results lead 
to the conclusion that the solubility of ChO is negligible in the 
ceramide:cholesterol:fatty acid lipid mixture. 
4.2. Introduction 
Cholesteryl esters (CE), are a class of lipidic molecules often found in 
biological systems. In fact, cholesterol is transported in the blood stream, and 
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stored in living cells mainly in the form of esters. Most attention to the physical 
properties of CE has been focused on their bulk properties in the oily and fluid 
phase in lipoprotein cores and lipid-rich domains of plaques1. More recent 
studies have investigated whether and how these weakly polar lipids fit into 
membrane bilayers. Several cholesteryl esters have a very low solubility in 
phosphatidylcholine2,3 and bovine brain sphingomyelin bilayers 4. The CE have 
a precise conformation in the bilayer with the carbonyl at the aqueous 
interface, and their limited solubility in this conformation is diminished with high 
levels of cholesterol4,5.  
Much less attention has been paid to the interaction of cholesteryl esters with 
ceramides, alone or in lipid mixtures, in particular those found in the stratum 
corneum (SC). The SC protects mammalians from external xenobiotic 
aggression and restrains the loss of internal constituents. It is a composite 
structure mainly made of a network of interconnected dead hydrophilic cell 
bodies with the voids between them filled by lipids and water. The main lipid 
components are ceramides, cholesterol and long chain saturated fatty acids, 
roughly in 9:5:2 weight proportions6.  
Ceramide (CER) alone, or ceramide:cholesterol aggregates, form very rigid 
crystalline lamellar phases in equilibrium with low interbilayer water content7,8. 
Cholesterol (Ch) forms stoichiometric aggregates with N-palmitoyl-D-erythro-
sphingosine (C16-Cer) in the LC phase and is miscible with the L phase until 
at least 75 mol % in both cases8, which is even higher than in phosphocholine 
bilayers ~50-60 mol %9. Another particularity of the ceramide-cholesterol 
systems is the difficulty to incorporate external components once formed, for 
example additional cholesterol. To incorporate Ch into CER C16 in vitro, it is 
mandatory that the mixture is made prior to the bilayer-assembling step9,8.  
Cholesteryl esters are considered by some investigators to be minor 
components of the SC, but several laboratories have found such esters to 
comprise as much as 18-19% by weight of the SC lipids (the sum of 
cholesteryl oleate (ChO), CER, Ch and fatty acid (FA))10-12. The origin of the 
CE found in the analysis of the SC lipids is not consensual. While some 
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sustain that they are sebum contaminants, eg.13, others present experimental 
evidence that seem to support that they are constituents of the SC lipid 
matrix12,14. For the present study the origin of CE is irrelevant since, being in 
direct contact with the SC lipid matrix, only its solubility will dictate if it mixes 
with the remaining lipids. 
In the present work we examine the solubility of cholesteryl oleate, in a system 
containing C16-Cer with cholesterol and palmitic acid, in molar proportions 
44:38:18, composition hereafter designated as the CER:Ch:FA matrix. 
Cholesteryl oleate was chosen because it has been identified as the most 
abundant cholesteryl ester in the stratum corneum12. The particular proportion 
of ceramide, cholesterol and fatty acid used is approximately that found in the 
SC6 and similar ternary mixtures have often been used as models to study the 
physical-chemical properties of the SC lipid matrix (for a review see ref. 15). 
Despite the importance of the information obtained with these systems they do 
not mimic the natural tissue due to three main reasons: (i) the ceramide is non-
hydroxylated while in the SC ca. 70 wt.% of the ceramides are hydroxylated6, 
(ii) the lipids in the SC are arranged in a thick phase (ca. 13 nm)16-19 that is not 
observed with these mixtures, and (iii) the SC, as a multicomponent system, 
may not have the same mixing properties of a ternary mixture, e.g.20. Despite 
the enumerated limitations, including the use of a palmitoyl ceramide, which is 
not the more abundant component of the CER NS class (SC nomenclature), 
useful information can be obtained concerning ChO solubility with the system 
tested. The short chain length of the ceramide is probably not a concern since 
their properties do not depend significantly from the hydrophobic tail length21. 
Palmitic acid has been frequently used as a generic fatty acid and it is 
particularly adequate for our study due to the importance of using a chain 
length that matches the ceramide22. 
Our strategy was to use several biophysical methods to study this complex 
model system because one single analytical technique would be insufficient. In 
a ternary system, several phases may coexist and the solubility of ChO could 
differ from one phase to another. X-ray diffraction was used to discriminate 
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structures and potential structural alterations with CE, differential scanning 
calorimetry (DSC) was used to monitor changes in the thermotropic behavior 
of the components upon mixing, and 13C NMR to discriminate if the carbonyl 
group reports different environments when alone and when the CER:Ch:FA 
lipid matrix is present. 
Because the ionization state of the fatty acid could modify the physical-
chemical properties of the lipid mixture as well as affect its capacity to 
incorporate ChO, we characterized the interaction of ChO with our model lipid 
system at both pH = 9.0 (fully ionized) and 4.0 (fully protonated). At pH 9.0 we 
took advantage of the formation of a single 2D lamellar crystalline phase for 
the mixture CER:Ch:PA in the 44:38:18 molar ratio, with the consequent 
congruent melting, that simplifies the detection of non-dissolved ChO. 
However, at pH 4.0 the scenario is more complicated and the analysis of the 
small angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS) 
of the system reveals the presence of three coexisting phases at low 
temperature, two LC and one L
41. Published data of equimolar ternary 
mixtures based on bovine brain ceramide propose two rigid phases together 
with non-incorporated PA and Ch23. Other studies using synthetic non-hydroxy 
C16 ceramide report the coexistence of rigid and possibly liquid phases at pH 
= 5.2 24. The solubility is determined by the characteristics of the lipidic phases 
and since no other phases are observed at intermediate pH the conclusion 
attained for the two pH tested is valid for all the 4.0 to 9.0 pH range.  
 
4.3. Materials and methods 
General reagents 
Ceramides used were obtained from Avanti Polar Lipids (Birmingham, AL, 
USA), a synthetic ceramide (2S, 3R, 4E)-2-hexadecanoylaminooctadec-4-ene-
1,3-diol (N-palmitoyl-D-erythro-sphingosine), and a natural ceramide of egg 
origin (egg-Cer) which is 84% C16 non-hydroxylated ceramide according to 
 
 
Chapter 4 
140 
 
Avanti specification. Sodium azide, succinic and palmitic acids, cholesterol and 
cholesteryl oleate from Sigma (Sintra, Portugal), benzene was from Panreac 
(Barcelona, Spain), methanol and chloroform, both HPLC grade, sodium 
chloride, sodium hydroxide and disodium salt of ethylenediaminetetraacetic 
acid (EDTA) were from Merck (Darmstadt, Germany), and boric acid from 
Riedel-de-Haën, (Seelze, Germany). All chemicals were used without further 
purification. Water for buffer preparation was double distilled and further 
purified with an Elgastat UHQ-PS system (Marlow, U.K.). Buffers were borate 
for pH = 9.0 with 100 mM ionic strength (Na+) and succinic acid for pH = 4.0 
also 100 mM. 
 
Synthesis of labeled ChO 
13C carbonyl-labeled ChO, was synthesized according to procedure of direct 
esterification developed by Sripada25. Following this method, cholesterol was 
condensed with [1-13C]-oleic acid at 35-40 ºC in the presence of 
dimethylaminopyridine and dicyclohexylcarbodiimide (reagents from Aldrich, 
Steinheim, Germany) in anhydrous chloroform. The reaction was stopped after 
1.5 hours, and the product purified by silica gel column chromatography and 
purity was verified by TLC. A single carbonyl carbon signal was observed by 
NMR for the pure ChO, as expected.  
 
Preparation of dispersions 
The molar proportion of ceramide, cholesterol and fatty acid we used, 
44:38:18, was derived from the conversion of the weight percentages 
57.3%CER:29.3%Ch:13.4%FA11 into molar fractions based on the C24 chain 
ceramide and corresponding fatty acid. Among the large range of published 
compositions for the SC lipid matrix, we chose this composition on the basis of 
carefully reviewed data6 showing that at least three independent research 
groups, using two different techniques, attained very similar compositions10-12. 
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Determinations that appeared after the cited review that we are aware of26,14,27, 
proposing relations of CER:Ch:FA of ca. 19:49:32, 38:34:28 and 48:22:30 
respectively, are very disperse and do not change the conclusions presented 
by Wertz and Norlén. Except for DSC, in which egg ceramide was used, the 
experiments were done with synthetic C16 ceramide. Lipid stock solutions in 
benzene/methanol, 7:3 (v:v) were mixed in adequate amounts and allowed to 
equilibrate for 30 minutes with occasional vortexing. The solutions were frozen 
at –20 ºC for at least 2 hours and subsequently freeze-dried. To the resulting 
powder buffer at 98 ºC was rapidly added under vortexing, and the dispersion 
hydrated at 98 ºC for 30 min because our study required temperatures as high 
as 98 ºC and a low pH, we verified by TLC that the ceramide and ChO in our 
samples did not undergo hydrolysis.  
This method of sample preparation revealed to avoid component separation 
that cannot be reversed after the hydration stage. It is known, and we have 
confirmed for our mixtures, that systems involving ceramides are prone to 
attain metastable states that are maintained without change at room 
temperature28,29,7. To work in equilibrium conditions, or at least conditions that 
do not evidence metastability in the thermograms and X-ray diffraction, we 
have previously found that relatively slow cooling rates (1.0 ºC/min) are 
needed after the annealing step. Before every measurement the sample 
temperature was raised until 96 ºC and slowly cooled until the temperature we 
intended as starting point for the experiment. After this treatment no 
exothermic signals are observed in the heating DSC, the X-ray diffractograms 
are reversible, albeit with hysteresis, and after being stored at room 
temperature for several weeks there is no modification in the sample X-ray 
profile. This is valid for the ceramide:cholesterol:fatty acid matrix, not for ChO, 
because ChO only attains its crystalline form if the samples are kept below    
15 ºC for several hours, as explained in the Results section.  
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Differential scanning calorimetry 
Thermograms were obtained in a microcalorimeter VP-DSC, MicroCal 
(Northampton, MA) with 5 x 10-3 mmol of total lipid, a heating rate of 1 ºC/min, 
and with subsequent cooling at the same rate unless otherwise stated. All 
illustrated thermograms are the second run or subsequent runs that were fully 
reproducible. Besides the expected differences in the first thermogram, we 
found that the characteristics of the microcalorimeter chamber associated to 
the low density of the lipid aggregates led to a decrease in the signal after the 
first scan. For each mixture, three distinctly prepared replicates were studied. 
Samples containing lumps of lipid floating in the buffer solution, as frequently 
observed for ceramide dispersions30, were not used for quantification of the 
transition enthalpy. For Hº determination, the amount of lipid present in the 
calorimeter chamber was quantified by 1H-NMR. Transition temperatures are 
presented as Tm, the peak temperature. 
 
Cholesterol and ChO quantification by 1H-NMR for Ho determination 
Due to the characteristics of the samples we cannot ensure that a quantitative 
amount of lipid is transferred to the DSC compartment and a posterior analysis 
of the lipid content of the DSC chamber must be done. We assume, based on 
X-ray, TLC and the DSC itself, that despite the heterogeneous physical 
appearance of the samples they are homogeneous in which concerns 
composition and structure. After a DSC run all the lipid in the DSC chamber 
was removed, all solvent evaporated and the residue dissolved in chloroform 
and filtered through a 10.0 m pore Teflon filter to remove the solid suspended 
particles of the borate buffer. Chloroform was substituted by a fixed amount of 
deuterated chloroform. Proton NMR spectra were acquired with a Bruker AMX 
300 NMR spectrometer (Wissenbourg, France) operating at 300 MHz, with a 
delay time of 5 seconds. Cholesteryl oleate and cholesterol amounts were 
obtained using calibration curves obtained from standards of each component 
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for the peak located at respectively  = 4.6 ppm and  = 3.5 ppm. Once the 
amount of cholesterol is known, the relative content of ceramide and palmitic 
acid could be estimated considering that the original composition was 
maintained. The precision of method was found to be of 5%. 
 
X-ray measurements 
Small and wide angle X-ray scattering were measured at the Soft Condensed 
Matter beamline A2 at the storage ring DORIS III of the Deutsches Elektronen 
Synchrotron (DESY) using a setup allowing simultaneous collection in the wide 
and small angle regions31. The wavelength of the X-ray beam is 0.15 nm and 
the detectors were a Mar165 and a Gabriel-type gas detector, for SAXS and 
WAXS respectively. The samples were prepared as previously described for 
DSC, except that less than 0.3 ml of buffer was used. Hydrated lipid in a small 
volume of buffer was transferred to glass capillary tubes, 1.0 mm diameter with 
0.01 mm wall (Markröhrchen, Germany), and then closed and annealed in a 
thermo-cryostat bath until 98 ºC using the protocol of the DSC measurements 
(1 ºC/min heating with subsequent cooling at the same rate).  
The temperature controlled sample holder was continuously heated from 20 to 
95 ºC at 1.0 ºC/min, and some samples subsequently cooled at the same scan 
speed. Every 120 s (ca. 2 ºC), a local shutter, normally closed to protect the 
sample, was opened for 20 s, during which data was continuously acquired. 
The temperature of the sample holder at the beginning of each data collection 
was automatically registered.  
To convert channels into reciprocal distances, s = 1/d, where d stands for the 
distance between the active diffracting planes we used the patterns of rat tail 
tendon and tripalmitin as standards for the SAXS and WAXS regions, 
respectively (sample-SAXS detector distance of ca. 1.5 m). 
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MAS NMR 
13C NMR spectra were obtained on a Bruker AM-300 instrument (7.05 Tesla; 
50.3 MHz for 13C) equipped with a Bruker Solids Accessory Unit and a 
multinuclear magic angle probe (Billerica, MA, U.S.A.). The samples were 
spun at 3.5 KHz to eliminate side-bands. As the samples were too small (~25 
mg) to fill the 7 mm rotor, small pieces of compacted Teflon were introduced 
into the rotor, to obtain an appropriate and balanced weight for the rotor to 
adequately spin. High-power (300 MHz) 1H decoupling was applied during 
data acquisition. Chemical shift were calibrated to the 14.10 ppm signal of the 
terminal fatty acid methyl. NMR samples were prepared as those for DSC, 
except for the hydration buffer volume that was reduced, while ensuring that at 
least 30 waters per lipid molecule were present, an amount sufficient for 
complete hydration. In this way, the solid white lipid mass could be easily 
transferred to the NMR rotor eliminating the usual centrifugation step.  
 
 
4.4. Results and discussion 
 
To evaluate the solubility of ChO in the CER:Ch:FA matrix, we studied their 
mixtures to detect any ChO that might be unincorporated into the lipid mixture 
and possible changes in the properties of the CER:Ch:FA matrix due to the 
inclusion of ChO. To accomplish these objectives, the structure of the mixtures 
was analyzed by combined SAXS-WAXS, modification of the thermotropic 
behavior due to the presence of ChO was studied by DSC, and local 
interactions with the organized lipid environment were probed by 13C MAS 
NMR.  
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DSC of CER:Ch:FA matrix with ChO at pH = 9.0 
In Figure 4.1. we compare the heating thermogram of the CER:Ch:FA + 15 
mol % ChO, with those of the CER:Ch:FA matrix and pure ChO, at pH = 9.0. In 
the presence of ChO the enthalpy and temperature of transition of the 
CER:Ch:FA matrix is maintained (Hº (CER:Ch:FA) = 10.5 kJ mol-1, Tm 
(CER:Ch:FA) = 81 ºC), which suggests that there is no incorporation of ChO 
into the CER:Ch:FA phase at this pH. In the same conditions, the temperature 
of the ChO endothermic transition, Tm (ChO) = 47 ºC, decreased slightly to 45 
ºC, an indication that some component/s from the lipid matrix may contaminate 
the free ChO, however, within the experimental error, the transition enthalpy of 
ChO is maintained (Hº (ChO) ca. 7 kJ mol-1). Identical DSC experiments at 
pH = 4.0 are not conclusive because, as referred in the introduction, instead of 
a single LC phase several phases are present and the CER:Ch:FA matrix 
transitions overlay the ChO peak. 
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Figure 4.1. – Heating thermograms obtained at 1 ºC/min of: CER:Ch:FA matrix at pH = 9.0 
(solid line), the same mixture to which 15% molar fraction of ChO was added (dashed line), and 
an aqueous suspension of ChO alone (dotted line). 
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Cholesteryl esters have complicated phase changes with several molecular 
organizations. Assignment of the endoenthalpic transition at 47 ºC to a 
particular phase transformation would aid in the interpretation of the X-ray 
data. Besides the usual crystalline and isotropic liquid phases, pure cholesteryl 
esters adopt metastable liquid crystalline structures known as the cholesteric 
and smectic arrangements as in Scheme 4.1.32. The molecular arrangement of 
the crystal is quite slow to attain when coming from any other state, isotropic, 
cholesteric or smectic, but the three liquid states interconvert with relative 
ease32.  
In Scheme 4.1. the kinetically hindered transitions are indicated by dashed 
arrows. Scheme 4.1. was proposed for pure ChO and our samples are 
dispersions in buffer. However only small differences are observed in the 
transition temperatures and the kinetics of conversion from isotropic liquid to 
cholesteric, and from this to the smectic form. 
 
Scheme 4.1. - Adapted from ref.32. 
The peak with Tm at 47 ºC observed in the heating run, Figure 4.1., must 
correspond to the transition of the pure ChO from a smectic organization to the 
isotropic liquid passing by the cholesteric intermediate. In fact the 
endoenthalpic transition obtained at 1 ºC/min is broad, and it unfolds into a 
double apex at ca. 43.5 and 44.7 ºC if the sample is scanned at 0.1 ºC/min 
(data not shown). We do not observe the melting of the crystal probably 
Crystal Isotropic liquid 
Cholesteric 
(metastable) 
Smectic 
(metastable) 
51.0 ºC 
47.5 ºC 
41.0 ºC 
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because our samples are not kept at low temperature for long enough for re-
crystallization before measurement.  
 
 
CER:Ch:FA matrix with ChO at pH 4.0 and 9.0 – SAXS and WAXS 
 
X-ray diffraction allows the analysis of mutual structural perturbations of the 
CER:Ch:FA matrix and ChO at both pH = 4.0 and 9.0. ChO that is 
unincorporated into the matrix can be detected by the 
appearance/disappearance of the characteristic diffraction peaks of each 
molecular arrangement in Scheme 4.1. The presence of crystalline ChO is 
revealed by the structured WAXS signal, while only a relatively broad band in 
wide angle is detected for the smectic, cholesteric and isotropic liquid. Owing 
to their layered structure, the crystal and the smectic are observed in small 
angle, whereas the arrangement characteristic of the cholesteric form does not 
present a particular X-ray diffraction33. 
For pH = 9.0 and at 20 ºC, the ternary mixture is organized in a crystalline 
lamellar phase, that melts to an inverted hexagonal phase at 88-90 ºC. The 
transition is observed simultaneously in the SAXS and WAXS regions ensuring 
that both signals have origin on the same phase (data not shown). To be noted 
that this is the transition observed at 81 ºC in DSC due to the use of the less 
pure egg-Cer. At pH = 4.0, and at 20 ºC, the mixture of ceramide, cholesterol 
and palmitic acid is organized in two lamellar crystalline phases, LC, that 
coexist with a lamellar liquid crystalline phase, L. In Figure 4.3., panel II the 
region of the SAXS pattern for the first order peaks is shown for both pH 
values. At this pH several transitions are observed between 45 and 87 ºC, 
temperature above which no more crystalline phases are detected and the 
remaining lamellar liquid converts progressively into a isotropic fluid phase. 
The LC phases are thermally connected with peak patterns in the wide-angle 
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region and the lamellar liquid crystalline phases accompanied by the 
characteristic wide band centered around 2.5 nm-1. 
Pure ChO dispersed in water should have the same behavior at pH = 4.0 and 
9.0, and, we opted to study samples at pH = 9.0. In the wide angle region 
several reflections are observed, the more intense located at 2.06, 2.20, 2.27, 
2.46 and 2.49 nm-1 that disappear between 47 and 51 ºC, Figure 4.2, 
corresponding approximately to the published value for the melting of the 
crystal to give the isotropic liquid (Scheme 4.1.). Existence of some kind of 
residual order in the chain packing in the isotropic liquid is revealed by a broad 
band centered at 5.0 Å. We do not observe the diffraction at s = 0.53 nm-1 (d = 
18.7 Å) reported for the crystalline arrangement in monolayers type II33, 
because it is out of the s-range sampled by our instrumental setup. In the 
subsequent cooling of the ChO sample a return to the crystalline form is not 
observed. Instead, a reflection in the small angle region, at s = 0.275 nm-1 (d = 
3.64 nm) begins to appear when the temperature reaches 36 ºC, a reflection 
that expands with cooling, attaining 0.271 nm-1 (d = 3.69 nm) at 20 ºC, that we 
identify as the smectic state of ChO for which d = 3.55 nm has been 
reported33,34. The WAXS simultaneously acquired is not structured. This 
smectic phase, which appears in the cooling run with a delay of ca. 5 ºC 
relative to the observed transition, is metastable and the crystal only reappears 
if the system is cooled and maintained at low temperature for a much larger 
time than the duration of our experiment32. This metastability of the smectic 
phase results in a difference between the initial state of the samples in the 
DSC and X-ray experiments. While the samples for X-ray are kept at low 
temperature (4 ºC) before measurement, hence being mostly crystalline, those 
for DSC are only measured after a first heating and cooling in the calorimeter 
chamber, beginning as smectic in the second and subsequent scans. 
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Figure 4.2. – Plots of the X-ray diffraction pattern of ChO in buffer at pH = 9.0. In the heating 
scan t (1 ºC/min; panel A), the melting of the crystalline form at ca. 49.5 ± 0.5 ºC is observed, 
while as explained in the text, no signal is visible in small angle. During the subsequent cooling 
of the same sample, also at 1 ºC/min, no structure appears in the WAXS but a strong diffraction 
in the SAXS, (panel B) is visible corresponding to the smectic state lamellar repeat distance. 
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When the CER:Ch:FA matrix is prepared in the presence of 15 mol% ChO, the 
original X-ray diffraction profile of the matrix is neither modified in spacing or in 
temperature behavior. Depending on the thermal history of the sample, 
different relative amounts of the smectic and crystalline ChO are detected. In 
these samples, the smectic is observable in SAXS as a single residual 
diffraction at 0.268 nm-1 that disappears between 31 and 37 ºC, where it is 
transformed into the cholesteric phase, which does not diffract. At the 
beginning of a T scan, most of the X-ray detectable ChO is in the crystalline 
form, as revealed by the strong characteristic peaks that do not overlap those 
from the CER:Ch:FA matrix appearing at 2.05, 2.19 nm-1, Figure 4.3. panel I. 
These observations hold for both pH values tested. With increasing 
temperature, these reflections disappear between 43 until 47 ºC, as the 
isotropic liquid is formed. As in the case of the DSC results, the CER:Ch:FA 
matrix seems unperturbed by the presence of ChO in the medium; however, 
components of the lipid matrix act as impurities of the ChO, or at least interact 
with it sufficiently to lower its transition temperature a few degrees. We 
conclude that most of the added ChO remains excluded from the CER:Ch:FA 
matrix at both pH, but there is a possibility that a small fraction of ChO mixes 
with the other lipids without appreciably changing the WAXS pattern in the 
region sampled. 
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Figure 4.3. - In the panel I is shown the comparison of the wide angle X-ray diffraction patterns 
of ChO (a), CER:Ch:FA matrix at pH = 4.0 (b) and 9.0 (d) and CER:Ch:FA to which 15 mol% 
ChO were added at pH = 4.0 (c) and 9.0 (e). All the traces displayed were obtained at 20 ºC. In 
panel II the SAXS of the CER:Ch:FA matrix at pH = 9.0 (a) and 4.0 (b) at 20 ºC, showing the 
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single peak at 0.224 nm
–1
, of the LC phase at pH = 9.0, and the two new phases at pH = 4.0, 
one LC and one Lα respectively at 0.289 and 0.235 nm
–1
.  
 
The WAXS signal of fluid pure ceramide C16 is compared in Figure 4.4. with 
those of ChO in the smectic, cholesteric and isotropic liquid forms. The trace of 
the ceramide, that peaks at 4.6 Å (s = 2.18 nm-1), illustrates the typical fluid 
bilayer signal with an average chain distance35 clearly smaller than that 
obtained for the less tightly packed ChO chains whose diffraction signal peaks 
at 5.1 Å (s = 1.97 nm-1) irrespective from the liquid form presented by ChO. 
Therefore, the WAXS signal from liquid ChO is easily distinguished from that of 
a fluid lipid bilayer. Based on these results we may comment that the ChO 
found in the analysis of SC cannot be the main responsible for the SC lipid 
fluid phase signal underlying the WAXS peaks with maximum at 2.2 nm19 
observed in the intact SC.  
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Figure 4.4. – WAXS signal for the fluid phase of pure CER 16 () at 98 ºC compared with those 
for ChO in the smectic (), cholesteric (), and liquid isotropic () phases at 30, 40 and 56 ºC, 
respectively. 
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CER:Ch:FA matrix plus ChO at pH = 4.0 and 9.0 – 13C MAS NMR 
 
In contrast to the preceding biophysical methods 13C NMR spectroscopy 
provides information about the local environment and mobility of specie 
carbons, thus serving as a complementary method for our study. Previous 13C 
NMR studies of the interaction of 13C carbonyl labeled ChO with phospholipid 
dispersions proved to be able to discriminate the ChO molecules inserted in 
the bilayer from those coexisting as “pools” of free ChO36. The technique takes 
advantage of the upfield shift observed for the 13C labeled carbonyl group of 
the ChO once inserted in the bilayer as a result of a folded configuration that 
exposes the carbonyl group to the water at the bilayer surface36.  
The spectrum of the CER:Ch:FA matrix containing 15 mol % unlabelled ChO 
at pH = 9.0 (Figure 4.5. trace a), reveals the expected peaks from the mobile 
acyl chain carbons of the constituent lipids, whereas the natural abundant 13C 
carbonyl peaks from ceramide and palmitic acid are too broad to be seen. It 
was also verified that the carbonyl of the succinic acid used in the buffer of the 
samples at pH = 4.0 did not interfere with our measurements (data not shown). 
The broad peak at 111 ppm is from the Teflon that is used to fill the NMR rotor 
as explained in the Materials and Methods Section. 
Figure 4.5. trace b shows the 13C MAS NMR spectrum of the same matrix but 
with the addition of 4 mol% labeled ChO. The labeled carbonyl is revealed as a 
broad peak at 171.5 ppm. Upon increasing the temperature to 55 ºC, where 
the stable form of ChO is the isotropic liquid (Scheme 4.1.) the peak narrowed 
considerably but did not shift. (Figure 4.5., trace c).  
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Figure 4.5. – In plots a and b: 
13
C MAS NMR spectra at 75.47 MHz of the CER:Ch:FA matrix 
with 15 mol % unlabelled ChO, trace a, and of CER:Ch:FA matrix containing 4 mol % of 
13
C 
carbonyl ChO, trace b, both in excess water at pH = 9.0. The spectra were acquired at room 
temperature. Spectra were obtained with a pulse interval of 6.3 s, and 8192 time domain points 
and processed with 10 Hz line broadening. In plot c, 
13
C MAS NMR spectrum at 75.47 MHz of 
the previous CER:Ch:FA matrix containing 4 mol% of 
13
C carbonyl ChO, at pH = 9.0. The 
spectrum was obtained at 55 ºC, a temperature above the ChO solid to isotropic liquid transition 
temperature. The instrumental conditions are the same as in plots a and b, except for the 
number of scans that was 3000. 
 
When this sample was cooled to room temperature, the original spectrum 
(Figure 4.5. trace b) was replicated in all respects, especially the broad 
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carbonyl at 171.5 ppm (spectrum not shown). At both temperatures, when the 
amount of added ChO was increased to 8 mol%, the spectra were identical to 
those for the 4 mol% sample, except for an increased intensity of the carbonyl 
peak at 171.5 ppm)  
The experiments above described for pH = 9.0 were repeated for the mixtures 
prepared at pH = 4.0 and 4 mol% labeled ChO and an identical behavior of the 
labeled ChO peak was observed. 
In all spectra with labeled ChO the presence of a single absorption indicates 
that all ChO is in an identical environment36. Furthermore, the temperature 
dependence of the line width indicates that the ChO is present in a separate 
phase that melts from an ordered (liquid crystalline phase at room temperature 
to a disordered (isotropic liquid phase) at 55 ºC. When incorporated into the 
phosphatidylcholine bilayer37, the peak intensity of the ChO inserted in the 
bilayer structure remained constant when the temperature was increased 
above the crystal to liquid isotropic transition37. The chemical shift of 171.5 
ppm is significantly upfield from that for ChO incorporated into the liquid 
crystalline phase of the phospholipid bilayer (171.9), but close to that for phase 
separated ChO (171.4).  
As final evidence for our conclusions above that most or all of the ChO is 
excluded from the CER:Ch:FA matrix, dry powdered 13C labeled ChO was 
added a posteriori to the suspension of CER:Ch:FA containing 4 mol% ChO 
prepared in the usual way. Given the usual very slow kinetics of exchange of 
water-insoluble lipids between aggregates38,39 this a posteriori added 
powdered 13C labeled ChO would remain phase separated outside the 
CER:Ch:FA matrix in the course of the NMR experiment. The resulting 13C 
spectrum was identical to previous spectra at room temperature, and heating 
to 55 ºC produced a single sharp peak as in Figure 4.5., trace c. 
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Further comments on the experimental results 
It is to be noted that the CER:Ch:FA matrix at pH = 9.0 undergoes a congruent 
transition from an LC to an HII phase at 89 ºC (81 ºC with egg ceramide) easily 
observable and identified by X-ray41. Any departure from the 44:38:18 
composition of the CER:Ch:FA matrix results in a more complex X-ray pattern 
due to other phases being present. This explains why in our samples one 
single endotherm is observed in DSC peaking at 81 ºC, allowing the 
identification of the separated ChO transition. The scenario is not so simple at 
pH = 4.0 where at low temperature two lamellar crystalline phases, one of 
nearly pure C16-Cer and other of CER:Ch, coexist with a liquid crystalline 
phase, which gives rise to a much more complex sequence of thermotropic 
events not allowing a straight conclusion about the presence of free ChO from 
DSC. However, the presence of 15 mol% of ChO does not affect neither the 
diffractions nor their thermotropic behavior.  
It can be objected that it is very different to adjoin the ChO after lamellae 
formation, what will happen if ChO is originated in the sebum13, or having it 
mixed since SC genesis12,14. Because of the known difficulty in adding new 
components to the already formed CER:Ch:FA structure sebum ChO will be 
much more difficult to be incorporated. Our solubility tests were done for the 
more unfavorable case by freeze-drying the samples with ChO already mixed 
with the remaining lipids.  
Our experimental approach leave no doubt that ChO is excluded from the 
CER:Ch:FA matrix remaining in the system as a separated independent 
phase. However, a minor fraction of ChO is necessarily incorporated in the 
lipid matrix as a minor impurity, which is too small to be detectable by the 
methods used. The non-incorporated ChO is free in the system but is part of a 
chain of two equilibria: that of the partition to water (its water solubility), and 
the partition of the compound molecularly dispersed in water to the 
aggregate40. A more inclusive analysis of the solubility of ChO in the 
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CER:Ch:FA matrix could be done by the determination of those two equilibrium 
constants. However, pure ChO may be present in several metastable 
aggregated forms and is very insoluble in water making the solubility 
determination a quite difficult task. Moreover, it is technically difficult to obtain 
a partition constant between ChO in water and “dissolved” in the structures of 
the CER:Ch:FA matrix. A further difficulty is the slow kinetics expected for the 
incorporation of external molecules in the rigid ceramide structures making 
uncertain when the equilibrium is attained. All these limitations make this more 
educated approach unpractical, and overkill in view of our objectives. 
 
4.5. Conclusions 
 
In this work, we made a comprehensive analysis of the solubility of ChO in a 
particular mixture of ceramide C16, cholesterol and palmitic acid. Cholesteryl 
oleate was chosen to model of the class of the esters of cholesterol that exists 
in natural biological systems, and the mixture of ceramide, cholesterol and 
fatty acid as an attempt to model of the SC lipid composition. In previous 
works, other authors have shown that ChO miscibility with saturated and 
unsaturated phosphocholines and sphingomyelin is very low or negligible, the 
same occurring when those lipids are mixed with cholesterol2,4,3.  
In the DSC experiments, addition of 15 mol% ChO to CER:Ch:FA gave no 
detectable change in the thermotropic transitions of the CER:Ch:FA matrix, 
which measure the lipid bilayer organization at pH = 9.0. Simultaneous small 
and wide angle X-ray diffraction revealed no new molecular arrangements or 
structural distortion in samples at pH = 4.0 and 9.0 and temperatures between 
20 to 98 ºC. 13C-NMR permitted focus on the ChO and definitively showed that 
the environment of ChO was identical in the presence or absence of the 
CER:Ch:FA matrix. Moreover, the increase in the intensity of the ChO 13C 
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carbonyl signal above the liquid crystalline to isotropic liquid transition 
temperature that is characteristic of pure ChO is observed in the mixtures.  
All evidence taken together we conclude that the solubility of ChO in the 
CER:Ch:FA matrix under study is negligible at least until the main transition for 
a totally fluid phase that takes place well above the physiological temperature. 
The solubility is negligible at pH = 9.0, at which one single LC phase is present. 
At pH = 4.0 where three phases are observed, one LC of pure C16-Cer, 
another, also LC, of C16-Cer:Ch, and an L that contains a mixture of C16-Cer, 
Ch and FA, ChO does not interact with the remaining lipids which means that it 
is insoluble in each of the three phases. Despite limitations that may be cited 
concerning the adequacy of our system to model the lipidic matrix of the 
stratum corneum, it seems very improbable that ChO is soluble in the in vivo 
structure.  
The high concentrations of ChO determined by some authors10-12 is evidence 
for its chemical presence in direct contact with the SC, whatever its origin. 
Either being part of the SC or penetrating a posteriori it will reside as a 
separated fluid phase in the stratum corneum. In this case, it could contribute 
to, but not being the principal origin of the fluid signal observed in the intact 
stratum corneum.  
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The work presented concentrates in the study of the physical-chemical 
properties, with particular attention to the structural characterization of the 
aggregates formed by N-palmitoyl-D-erythro-sphingosine (C16-Cer), a 
synthetic N-sphingosyl ceramide, and of its mixtures with cholesterol (Ch), 
palmitic acid (PA), and Cholesteryl Oleate (ChO). 
In our studies, we have observed that both C16-Cer, and their mixtures with 
cholesterol, palmitic acid and cholesteryl oleate, are systems prone to become 
trapped in metastable states. Other authors had previously reported this 
behavior and some of them advocate the need of stabilization periods of the 
order of few months1. Consequently, a careful heating, cooling protocol has to 
be used in the preparation of C16-Cer and their mixtures to achieve the 
equilibrium state for subsequent characterization studies. We determined that 
after hydration above the C16-Cer main phase transition, a cooling rate of 
1ºC/min was slow enough to achieve the equilibrium state, or at least a state 
without evidence of metastability. 
When C16-Cer was prepared in excess water, at 20 ºC it was arranged in a 
lamellar crystalline (LC) state, with a lamellar repeat distance of 4.46 nm. 
Several reflections in the wide angle region were detected, that could be fitted 
in a hexagonal lattice with a = b = 4.87 Å and c = 45.5 Å. The wide angle 
information was insufficient to permit an unequivocal deduction of the lattice, 
and an acceptable fit could also be obtained for an orthorhombic lattice with a 
= 4.22 Å, b = 3.93 Å, c = 45.5 Å, with  =  =  = 90º. Consequently, the C16-
Cer phase is in a perpendicular chain arrangement. With the increase of 
temperature, a main phase transition was observed at Tm = 93 ºC, with a Hº = 
71.9 KJ.mol-1. The X-ray profile of the C16-Cer melted phase showed a very 
broad small angle X-ray diffraction  band located at 0.317 nm-1 (3.15 nm), 
associated with a broad wide angle band centered at 2.2 nm-1 (0.45 nm), 
characteristic of stacked melted hydrocarbon chains. The melted C16-Cer 
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does not maintain the typical lamellar structure, even if some meso-order still 
exists. During subsequent cooling, a thin fluid structure with a lamellar repeat 
distance of 3.42 nm was detected at 82 ºC, before conversion to the low 
temperature C16-Cer LC phase, and the question remains if this is not the 
stable lamellar arrangement of the Lα structure. 
 A possible direction for future work could be the test of the hypothesis that N-
sphingosyl ceramides are arranged in an extended conformation. This 
arrangement has been observed for phytosphingosine ceramides2,3, even 
when those ceramides were prepared in the presence of water4. Furthermore, 
this packing form is able to explain the interlamellar repeat distance of 4.46 nm 
detected in our C16-Cer mesophases. It also explains the quite small lamellar 
repeat distance of 3.15 nm observed for a lamellar fluid phase of C16-Cer 
detected when cooling the sample from 98 ºC, if we consider that the C16-Cer 
molecules are packed in an extended conformation with interpenetrated 
chains. If this hypothesis is correct, water is not present between the several 
lamellae, and the C16-Cer mesophases we used are not hydrated, a 
hypothesis we have raised along the presented work. It is suggested that the 
molecular packing of C16-Cer is obtained by single crystal studies, in order to 
establish if an extended conformation is observed for N-sphingosyl ceramides. 
Also, the absence or presence of water between the lamellae of C16-Cer after 
the hydration step should be verified.  
Below the main phase transition temperature, N-sphingosyl ceramides adopt 
the lamellar crystalline state, in contrast with the majority of other double chain 
amphiphilic lipids that adopt a lamellar gel state (LThe crystallinity and the 
considerably higher transition temperatures of the N-sphingosyl ceramides can 
be rationalized as the result of stronger head-group interactions. In fact, the 
amide head-group of N-sphingosyl ceramide mesophases, establish strong H-
bonds as become evident by FTIR studies5,6. In addition, N-sphingosyne 
ceramide head-groups have a much smaller dipole moment compared to 
phosphatidylcholines, reducing their headgroup repulsions. The calculated 
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dipolar moment for N-sphingosyl ceramide was ca. 2.5 Debye, whereas 
glycerol-3-phosphocholine head-groups gave a dipolar moment of ca. 17 
Debye. 
Several mixtures of C16-Cer with cholesterol, in all the relative molar 
proportions were characterized and the correspondent binary phase diagram 
in excess water derived, refer to Figure 2.5, pg. 86. From the phase-diagram, it 
became clear that cholesterol is only residually miscible with ceramide in the 
solid state, in the sense of the formation of a random dispersion of the 
components, instead forming mixed crystalline compounds with ceramide. The 
diagram obtained was of the eutectic type for molar fractions of C16-Cer above 
40 mol %. While studying the mixtures to derive the phase diagram, we 
detected by powder pattern X-ray diffraction, two crystalline compounds of 
ceramide and cholesterol. One with lamellar repeat distance of 3.50 nm and an 
estimated C16-cer:Ch molar ratio of 2:3, compatible with a tetragonal lattice a 
= b = 6.96 Å, c = 35.6 Å and  =  =  = 90º. A second structure with a lamellar 
repeat distance of 4.24 nm, and an estimated C16-Cer:Cholesterol molar ratio 
of 1:3 was also detected. For this compound, the wide angle X-ray diffraction 
peaks did not allow the deduction of the correspondent lattice. To the best of 
our knowledge, this is the first direct experimental evidence of the existence of 
laterally organized stoichiometric aggregates with amphiphilic lipid bilayer 
forming lipids and cholesterol. Crystalline compounds of ceramide and 
cholesterol, have previously, been observed in monolayers7. This finding 
reopens the controversy about the existence of organized clusters induced by 
cholesterol, known as “cholesterol-lipid condensed complexes” in lipid bilayers. 
Some authors propose the formation of reversible “complexes”, of 
phospholipids with cholesterol. Others reject this hypothesis, explaining the 
physical-chemical properties and structural organization of phospholipids-
cholesterol mixtures in alternative ways. The identification of stoichiometric 
aggregate structures of ceramide and cholesterol also strengthens the 
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proposal of the existence of laterally segregated domains of ceramide in the 
cell membrane, named “ceramide-rich domains”8.  
In a subsequent study, we added palmitic acid to a mixture of C16-Cer and 
cholesterol in excess water, and studied the thermotropic and prototropic 
behavior of a set of ternary mixtures, but not to a detail of a phase diagram. 
The purpose was to explore the phase transitions, and the main phases, refer 
to Figure 3.7, pg. 122 and Figure 3.8, pg. 126 that condense our main 
observations. For the mixtures at pH  7.0, and for the molar composition of 
C16-Cer:Ch:PA of 44:38:18, a coexistence of lamellar crystalline phases with 
liquid lamellar phases was observed at 20 ºC. When intact stratum corneum is 
characterized by powder pattern X-ray diffraction, reflections with origin in both 
crystalline and lamellar fluid lipid arrangements are detected9. Ceramides and 
their mixtures form crystalline phases, but the question about the origin of the 
stratum corneum (SC) fluid lipid phase remains open. The knowledge of the 
origin of this fluid phase is important both for the fundamental understanding of 
the structure of the SC lipid matrix, and the design of enhancer strategies for 
drug delivery systems through the skin. In fact substances would tend to 
permeate the skin through fluid regions. Our simple ternary model, at pHs 
values similar to the physiologic, also contains coexisting crystalline and liquid 
lamellar phases. Despite the divergences that can be raised concerning our 
simple mixture with intact stratum corneum lipid matrix, the coexistence of 
crystalline and fluid phases at physiological pH values can be a characteristic 
of ternary mixtures composed of ceramide, cholesterol and long chain fatty 
acids. 
At pH = 9.0, the formation of an inverted hexagonal phase was observed for 
some mixtures. This contrast with the behavior of the mixtures that were totally 
or partially neutralized, in which melting of the low temperature phases always 
originated fluid lamellar phases. For the mixtures with the molar composition of 
C16-Cer:Ch:PA of 44:38:18 at pH  7.0, the liquid lamellar phase/s gave origin 
at higher temperatures to a isotropic fluid. The formation of inverted hexagonal 
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phases seems to be characteristic of mixtures of ceramide, cholesterol and 
fatty acid at high temperatures, as other authors have previously detected 
such structures in this type of mixtures10,11,12. Although long chain fatty acids 
are known to induce inverted hexagonal phases in phosphatidylcholine 
bilayers13, our mixtures contain in addition to the ceramide, cholesterol, and 
therefore we cannot at this moment rationalize this observation. 
In the ternary systems studied, palmitic acid was found to be soluble at least 
until 60 mol % in the ceramide, cholesterol mixtures at pH = 9.0, whereas 
segregated co-existing neutral PA could be detected for the samples 
containing already 18 mol % of the acid, when the mixtures were prepared at 
pH = 4.0. 
The ternary mixture with molar composition of C16-Cer:Ch:PA of 44:38:18 at 
pH = 9.0 showed by DSC, one unique phase transition, relatively narrow, and 
symmetric, typical of a pure substance. The X-ray characterization of this 
mixture confirmed the organization in a single phase at 20 ºC that melted at 
88-90 ºC, to a single fluid inverted hexagonal phase. We interpreted these 
experimental results, together with other lines of evidence, as suggesting that 
this specific ternary mixture forms a stoichiometric aggregate. The attributed 
stoichiometry would be C16-Cer5Ch4PA2. The lamellar repeat distance of this 
compound was 4.46 nm, identical to the lamellar repeat distance of pure C16-
Cer, and with the experimental detection conditions used, the wide angle 
reflections observed for the ternary mixture, were identical to several 
reflections of C16-Cer. It should also be noted that the lamellar repeat distance 
of the ternary compound is invariable with pH which is hard to understand 
except if these layers do not include water. However, we are not able with just 
the present data to give a complete explanation of this invariability.  
Ceramides seem to be prone to form stoichiometric aggregates. It might be 
interesting to understand the physical reasons that determine this behavior. A 
possible approach can be the study and determination of additional phase 
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diagrams of other ceramide types, with a different head-group architecture       
- number and position of hydroxylations - and acyl chain length with 
cholesterol. Note however that, the detection of several ceramide 
stoichiometric aggregates can be simply the result of the preference for the 
adoption of the LC state by ceramides and their mixtures at room temperature, 
in contrast with other more well characterized amphiphilic lipids such as 
phosphatidylcholines, that frequently remain trapped in the rigid Lβ’ state. In 
fact, it is possible that compound structures are also abundant in mixtures of 
phosphatidylcholines with other lipids, but have never been detected due to 
the difficulties to attain the LC state. 
Having characterized the phases that compose the system of C16-Cer, 
cholesterol, palmitic acid in the same molar proportions reported for the 
stratum corneum lipid matrix, we tested in this simple mixture, the solubility of 
cholesteryl oleate at both full ionization, pH = 9.0, and full protonation, pH = 
4.0. It is known that the miscibility of cholesteryl esters with both saturated and 
unsaturated phosphatidylcholines, and sphingomyelin is reduced or negligible. 
This immiscibility is also observed when these systems include 
cholesterol14,15,16. With the combination of several techniques such as DSC, 
powder pattern small and wide angle X-ray diffraction, and magic angle 
spinning 13C NMR, it was established that the solubility of ChO in the C16-
Cer:Ch:PA mixture was negligible in all the system phases at both pH values. 
From the previous characterization of the C16-Cer, cholesterol, palmitic acid 
ternary system, no additional phases were found at intermediate pH values. 
We can therefore conclude that ChO is insoluble in the C16-Cer:Ch:PA 
mixture at all the pHs values that range from 9.0 to 4.0. 
It was also observed in the mixtures, that part of the segregated cholesteryl 
ester remained in the fluid state at physiological temperatures. Nevertheless, 
the wide angle reflection of fluid cholesteryl oleate was not identical to the 
reflection of fluid lipid in intact stratum corneum. With the appropriate reserves 
in which concerns extrapolation of information obtained with our model mixture 
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to intact stratum corneum, we can suggest that ChO is not the principal origin 
of the fluid lipid signal observed in this tissue. 
We hope that the effort made represents a valid contribution to a more 
systematized study of the physical-chemical properties of the mesophases 
formed by ceramides and their mixtures. 
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